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Preface 


How  the  brain  worke  le  a  mystery  which  reaalna  unsolved.  Although 
auoh  le  known  of  lte  function,  much  more  le  etlll  unknown.  A  great 
deal  of  reeearoh  le  needed  to  understand  how  the  brain  works.  If  we 
can  determine  how  It  worke,  we  oan  then  build  computers  to  duplicate 
this  process.  If  a  computer  were  to  be  able  to  eee,  ooaprehend  what  It 
has  seen,  then  take  the  appropriate  aotion.  It  could  remove  the  human 
from  hazardous  situations.  Placed  In  a  missile,  this  computer  could 
autonomously  guide  the  weapon  to  a  highly  defended  target,  while  the 
pilot  remains  safe  outside  of  the  defenses. 

This  thesis  will  not  solve  the  mystery  of  the  brain,  or  even  answer 
any  questions  about  It.  However,  It  does  provide  a  tool  which  oan  be 
used  to  oonduot  further  reeearoh.  By  packaging  an  encapsulated  brain 
chip,  as  I  have  described  In  this  thesis.  It  will  be  practical  to 
accomplish  long-term  monitoring  of  the  brain  signals  produced  by  the 
neurons  comprising  the  brain. 

I  would  like  to  thank  Dr.  Roger  Colvin  and  Dr.  Matthew  Kabrlsky  for 
the  encouragement,  motivation  and  technical  support  they  provided  me 
throughout  my  work.  81noe  I  am  not  an  Blectrlcal  Engineer,  their 
guidance  and  answers  were  as  greatly  appreciated  as  they  were  needed. 
I  especially  appreciate  the  many  hours  Dr.  Colvin  put  In  to  help  me 
learn  and  modify  the  Integrated  olroult  processing  equipment  I  had  to 
use. 

I  would  also  like  to  express  ay  gratitude  to  Mr.  Don  Smith,  the 
AFIT  processing  laboratory  teohnlolan,  and  Mr.  Alva  Karl  from  the 
Aerospace  Medical  Researoh  Laboratory.  Mr.  Smith  provided  help  daily 


in  keeping  the  equipment  running.  Mr.  Karl  vas  Instrumental  In  helping 
■e  design  the  Implantable  package  and  the  suggested  surgical  process. 

Finally,  1  would  like  to  thank  ay  wife,  Kaoru,  and  daughter, 
Charlotte,  for  supporting  me  throughout  ay  long  hours  of  work. 

Ricardo  R.  Turner 
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Abstract 


A  16  1  16  multi electrode  seal conductor  array.  known  as  the  A7IT 
brain  chip,  must  be  encapsulated  prior  to  Inplantation  Into  the  cere¬ 
bral  cortex  of  a  rhesus  monkey.  The  encapsulant,  which  must  protect 
the  chip  from  the  sallne-llke  solution  of  the  cerebro-splnal  fluid,  was 
a  poljrlmide:  Dupont  PI  2555.  The  polyimide  was  spun  onto  the  chip, 
and  the  electrode  openings  etched,  using  negative  photolithography  and 
wet  chemical  etching.  An  eight-micron  thick  layer  of  polyimide  was 
obtained  by  repeating  this  process  several  times.  Although  actual 
implantation  was  not  performed,  an  implantable  package  was  designed  and 
fabricated  which  will  allow  for  chronic  use  with  only  one  surgical  oper¬ 
ation.  A  surgical  technique  for  Implanting  the  package  is  suggested. 
The  fabricated  package  was  not  fully  functional,  however,  because  an 
epoxy  used  to  protect  bond  wires  from  the  stress  of  the  polyimide  could 
not  withstand  the  high  temperature  cure.  The  functioning  part  of  the 
chip  was  tested  In  vitro  and  worked  continuously  for  three  weeks. 
There  was  no  damage  to  the  polyimide  encapsulant,  but  some  of  the  alumi¬ 
num  electrodes  showed  signs  of  deterioration. 


ENCAPSULATION  AND  PACKAGING  OF  A  8H« CONDUCTOR  MULT I ELECTRODE 
ARRAY  FOR  CORTICAL  IMPLANTATION 


I.  Introduction 


Background 

For  many  years,  man  has  tried  to  decipher  the  structure  of  the 
brain,  and  how  it  works.  Of  particular  interest  is  how  the  brain  can 
transform  data  received  from  the  eyes  into  a  picture  of  the  environ¬ 
ment.  Scientists  have  worked  at  getting  computers  to  "recognise" 
objects  seen  through  some  type  of  optical  sensor.  This  area  of  study, 
pattern  recognition,  has  obvious  uses  in  the  military  for  "smart"  weap¬ 
ons  which  can  visually  seek  out  targets  and  destroy  them.  However,  get¬ 
ting  a  computer  to  understand  what  it  sees  is  far  from  trivial.  Dr. 
Kab risky  has  theorized  that  a  "blueprint"  of  the  brain  may  aid  in  build¬ 
ing  computers  which  can  duplicate  some  of  the  brain's  functions  (1:?). 

A  number  of  ideas  have  been  put  forth  on  how  the  brain  functions. 
Lorente  de  No  (1949),  Mountcastle  (1997),  Hubei  and  Veisel  (1962),  and 
Kabrisky  (1966)  developed  models  which  suggest  bundles  of  neurons  work¬ 
ing  as  a  functional  element  comprise  the  basic  computing  elements  of 
the  cerebral  cortex.  These  basic  computing  elements  (b.c.e.’s)  measure 
about  90  to  If*  microns  in  diameter  in  the  human  visual  cortex  (the  por¬ 
tion  of  the  brain  concerned  with  vision)  (1:40).  Attempts  to  measure 
the  output  of  adjacent  b.c.e.'s  have  not  succeeded  due  to  the  size  of 
the  b.c.e.'s  and  the  size  (and  number)  of  the  probes  (2:9).  The  need 
existed  to  make  the  eleotrodes  smaller  and  more  closely  spaced:  to  get 
as  close  to  the  actual  size  and  density  of  the  b.c.e.'s  themselves. 


This  has  led  to  the  development  of  a  multielectrode  semiconductor  which 
can  be  Implanted  onto  the  cortex  to  record  actual  measurements  of  the 
b.c.e.  signals. 

A  number  of  thesis  efforts*  at  the  Air  Force  Institute  of  Tech¬ 
nology  (AFIT),  have  delved  into  the  problem  of  directly  measuring  the 
brain's  signals.  The  first  effort,  in  1979,  was  by  Joseph  Tatman.  He 
proposed  and  designed  a  100  X  100  multlelectrode  semiconductor  array 
for  the  purpose  of  recording  data  from  the  cerebral  cortex.  This  was 
simply  a  design  for  establishing  the  feasibility  of  this  novel  circuit. 
Tatman  then  fabricated  a  simpler  4X4  multielectrode  array  prototype 
based  on  this  design.  Unfortunately,  the  prototype  circuit  did  not 
function  (3:10-11).  However,  the  ideas,  results,  and  fabrication  pro¬ 
cess  which  Tatman  developed  set  the  stage  for  further  research. 

Gary  Fitzgerald  continued  this  research  the  following  year  in  his 
1980  thesis.  Fitzgerald  successfully  fabricated  a  4  X  4  multlelectrode 
array  based  on  Tatman' s  prototype.  Although  the  circuit  functioned 
properly  in  a  normal  environment,  it  failed  after  30  seconds  in  a 
saline  bath  test  (4:108).  This  saline  bath  simulates  the  cerebrospinal 
fluid  (C8F)  environment  found  in  the  brain  (4:9).  The  normal  silicon 
dioxide  (8IO2)  coating  protecting  the  chip  was  not  adequate  to  pro¬ 
tect  it  from  the  C8F  (4:109).  The  results  of  this  thesis  brought 
eventual  success  closer. 

Solving  the  chip  protection  problem  became  the  thesis  effort  of 
George  German  in  1981.  Using  Fitzgerald's  AFIT  brain  chip  array  (as 
the  4X4  multlelectrode  had  come  to  be  known),  German  researched  and 
evaluated  different  combinations  of  protective  materials,  and  various 
methods  of  applying  them  to  the  chip.  Based  on  his  results,  German 


recommended  two  possibilities  for  further  study  as  encapsulants  (pro¬ 
tective  costings):  polyimide  and  phosphoslllcate  glass  (P80)  (2:59). 

With  the  chip  fabricated  and  the  possible  encapsulant  selected, 
Russell  Hensley  and  David  Denton  continued  the  research  to  actual 
Implantation  in  their  1982  joint  thesis  effort.  They  chose  polyimide 
for  encapsulating  the  chip  based  on  German's  results,  its  ease  of 
processing,  and  its  availability  on  Wright -Patter son  AFB  (5:9).  Tests 
of  the  encapsulated  chip  in  the  simulated  CSF  environment  (saline  bath) 
proved  successful  (5:70),  and  the  chip  was  surgically  Implanted  into 
the  visual  cortex  area  of  a  laboratory  beagle's  brain.  The  chip  record¬ 
ed  an  enormous  volume  of  electroencephalographic  and  visual  evoked 
response  information  during  the  nineteen  days  it  was  in  the  dog's  brain 
(5:88-89).  When  surgically  removed  from  the  brain,  the  chip  showed 
some  damage,  caused  either  by  the  removal  process  or  leakage  of  water 
into  the  chip  (5:92).  The  exact  cause  was  not  determined  due  to  the 
lack  of  time  to  analyse  the  chip.  However,  the  chip  functioned  correct¬ 
ly  and  recorded  valid  data  for  over  two  weeks.  The  data  it  produced 
confirmed  the  validity  of  some  major  aspects  of  the  theorised  basic 
computing  element  structure  of  the  cortex  (5:95). 

To  continue  research  in  the  use  of  semiconductor  cortical  implants, 
Robert  Ballentine,  a  student  in  the  Graduate  Electrical  Engineering 
program  at  AFIT,  designed  and  tested  a  new  semiconductor  array  (Appen¬ 
dix  E).  This  16  X  16  multielectrode  semiconductor  array,  shown  in  Fig¬ 
ure  1 ,  has  sixteen  times  as  many  electrodes  as  the  Hensley  and  Denton  4 
X  4  array,  yet  is  only  one-fourth  its  sise.  Additionally,  the  new 
array  utilised  NM08  technology  in  contrast  to  all  previous  arrays  which 


were  JFETs 


sixteen  rows  of  the  array.  Th»  selected  row  then  sends  the  signals  on 
its  eleotrodes  to  the  sixteen  output  pads  to  a  recording  devloe.  nor¬ 
mally,  the  counter  will  seleot  each  row  in  sequence  (one  through  six¬ 
teen),  allowing  all  256  electrodes  to  be  monitored.  However,  using  the 
count  select  Inputs  (CSi  -  C82),  four,  eight,  or  all  sixteen  rows  can 
be  monitored.  Therefore,  only  16  wires  are  needed  to  output  the  data 
from  all  256  electrodes. 

Additional  features  of  this  chip  inolude  enhancements  for  future 
use  of  two  chips  in  synchronisation.  This  is  accomplished  through  the 
synch  in  (SYI)  and  synch  out  (8Y0)  pads.  The  synch  in  signal  (from  an 
external  source)  initiates  the  count  sequence.  The  synch  out  signal  is 
sent  to  SYI  of  the  second  chip  when  the  counter  finishes  its  sequence. 
The  decoder  determines  when  the  oount  sequence  finishes.  Another  fea¬ 
ture  Involves  the  four  tri-state  pads  (TSS  -  T85)  which  are  controlled 
by  CON.  These  pads  allow  monitoring  of  the  output  of  the  counter,  or 
input  of  a  simulated  count  (for  test  purposes).  Null  details  of  the 
chip's  design  can  be  found  in  Appendix  E.  Details  of  its  testing  are 
Included  in  Appendix  F. 

Ballentlne  also  designed  a  second  16X16  array,  seen  in  Figure  2, 
which  is  similar  to  bis  original  16  X  16  array,  but  Includes  an  addi¬ 
tional  multiplexer  and  counter  to  select  the  output  columns,  sequen¬ 
tially.  This  version  requires  only  one  wire  to  output  the  data. 
Instead  of  sixteen.  However,  it  did  not  function  correctly  in  its  ini¬ 
tial  production  version,  as  can  be  seen  in  Appendix  F. 

One  final  thesis  effort,  not  dlreotly  related  to  the  brain  chip 
efforts,  was  accomplished  by  Jayme  La  Foie  in  1985.  La  Vole  studied 
the  use  of  polylmlde  as  an  integrated  oirouit  insulation  material,  for 


Figure  2.  Brain  Chip  Array  with  Count  Selectable  Multiplexer  and 
Multiplexed  Outputa 
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the  Avionic*  Laboratory  at  Vrlght-Fatterson  AFB.  The  procedure*  La 
Vole  used  to  passivate,  mask,  and  etch  the  poly ini de  have  further 
refined  the  encapsulation  process  used  by  Hensley  and  Denton.  La  Vole 
recommended  a  specific  etching  technique.  R-F  plasma  etching,  for  best 
results.  Be  also  recommended  applying  a  thick  layer  of  polyiaide  to 
decrease  the  pinhole  defects  (6:77). 

Statement  of  Problem 

Since  a  smaller  brain  chip  has  been  fabricated,  a  new  procedure 
must  be  developed  to  allow  it  to  be  implanted  in  a  mammalian  brain. 
This  new  procedure  must  minimise  the  surgery  (and  its  associated 
trauma)  while  maximising  the  longevity  and  reuseabillty  of  both  the 
mammalian  subject  and  the  chip. 

The  problem,  then,  is  to  fabricate  an  implantable  multielectrode 
semiconductor  array  which  will  survive  the  harsh  environment  within  a 
mammalian  brain  for  an  extended  period  of  time.  The  package  for  this 
chip  will  require  a  surgical  operation  for  initial  insertion  only,  and 
will  allow  nonsurglcal  removal  and  reinsertion. 

The  success  of  the  Hensley  and  Denton  brain  chip  implantation  clear¬ 
ly  demonstrated  the  feasibility  of  a  using  polylmlde  as  an  encapsulant 
for  oranial  implants.  The  4X4  mulflelectrode  functioned  successfully 
for  nearly  three  weeks  in  the  corrosive  cerebrospinal  fluid  of  the 
dog's  brain.  However,  their  encapsulation  involved  a  relatively  large 
semiconductor . 

The  new  brain  chip,  Ballentlne's  16  X  16  multielectrode  semiconduc¬ 
tor  array,  has  sixteen  times  as  man?  electrodes  as  the  4X4  array. 
This  increased  number  of  electrodes  fits  into  a  smaller  area  than  the 
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larger  array,  complicating  tha  problem  of  lead  attachment. 

An  additional  problem  which  oar r lee  over  from  the  previous  Implant 
la  the  surgery  Involved.  Implantation  of  the  chip  Into  the  dog's  brain 
required  3-1/2  hours  of  major  surgery  (3:8t).  Although  this  surgery 
was  successful.  It  oan  be  a  traumatic  experience  for  the  subject,  espe¬ 
cially  If  It  must  be  performed  for  both  Insertion  and  removal.  A  non- 
surglcal  method  allowing  ehronle  Implantation  of  the  same  subjeet  must 
be  developed. 

Scope 

The  emphasis  of  this  thesis  will  be  to  encapsulate  and  package  a 
new  multleleotrode  array  deviee  for  ehronle  implantation,  whloh  will  be 
impervious  to  oerebrospinal  fluid  (CSF)  for  an  extended  period  of  time 
(up  to  three  weeks).  This  new  deviee  will  be  the  16  X  16  multielec¬ 
trode  array  designed  and  tested  by  Ballentlne.  The  package  must  be 
capable  of  being  Inserted  Into  a  grommet  or  cylinder  which  has  been  sur¬ 
gically  Inserted  Into  the  skull  of  the  laboratory  subject.  This  will 
allow  the  Insertion  and  removal  of  the  devloe  without  further  surgery. 

The  new  16  X  16  array  uses  aluminum  eleotrodes  Instead  of  the  sil¬ 
ver  eleotrodee  used  by  the  previous  arrays.  Blnoe  It  is  not  known  how 
the  exposed  aluminum  will  function  In  the  CSP  environment,  silver  will 
be  evaporated  onto  the  electrodes  of  some  of  the  ohlpe  to  be  encap¬ 
sulated. 

This  effort  will  not  explore  untested  encapsulating  materials  or 
proeesses,  unless  the  existing  materials  and  prooesees  result  In  sub¬ 
standard,  non- Implantable  devloes.  In  addition,  actual  Implantation 
will  not  be  attempted  as  a  part  of  this  work.  This  will  be 


accomplished  at  a  later  time.  A  suggested  procedure  for  Implantation 
will,  however,  he  dlseussed. 


Assumptions 

This  thesis  effort  assumes  that  poljlnide  is  an  adequate  encapsu- 
lant  material.  Although  Hensley  and  Denton  suggested  water  may  have 
permeated  the  polylmlde  material.  It  will  still  be  used  since  polylmlde 
is  available  and  has  worked  In  the  past.  The  passivation  schedule 
which  La  Vole  developed  In  his  thesis  is  assumed  valid.  If  this  passi¬ 
vation  schedule  does  not  allow  operation  of  the  chip  in  a  saline  bath 
environment  for  the  required  minimum  of  nineteen  days,  other  schedules 
will  be  attempted.  Finally,  it  is  assumed  that  the  brain  -chips  pro¬ 
vided  are  functional,  as  their  functionality  will  not  be  tested  in  this 
thesis. 


Summary  of  Current  Knowledge 

Currently,  this  project  is  unique  to  AFIT.  Much  of  the  current 
knowledge  in  this  area  is  in  the  theses  oited  in  the  background  mater¬ 
ial.  Although  others  have  used  implantable  devices  in  vivo,  there  is 
little  documentation  of  use  of  such  devloes  in  the  brain.  The  choice 
of  polylmlde  as  the  protective  coating  for  the  brain  chip  was  based  in 
part  on  German's  research  into  a  passivating  material.  This  choice  was 
made  by  Hensley  and  Denton  due  to  its  availability  at  AFIT  (5:9).  How¬ 
ever,  this  does  not  imply  that  polylmlde  is  the  best  material  for  pro¬ 
tection  from  the  C8F. 

Polylmlde  is  a  high-temperature  resistant,  high  strength  superpoly- 
mer  whloh  exhibits  a  strong  reslstanoe  to  oorroslve  environments 
(7:727).  Its  primary  advantage,  as  pertains  to  this  thesis,  is  its 
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electrical  proper t lea.  Polyimlde  le  an  excellent  Insulating  naterlal 

due  to  Its  low  dielectric  constant,  low  dissipation  factor,  and  high 
volume  resistivity.  Typical  values  for  the  electrical  properties  of 
polylmldes,  as  compared  to  similar  insulating  materials,  appear  In 
Table  I.  As  seen  in  the  table,  polyimlde,  although  not  the  best  Insula¬ 
tor,  exhibits  very  good  electrical  properties.  Due  to  these  proper¬ 
ties,  polyimlde  is  now  used  as  an  Insulator  between  metal  layers  during 
Integrated  circuit  fabrication  (8:610). 

TABLE  I 

Electrical  Properties  of  Seleoted  Polymers  and  Glasses  (9:55) 


Material 

Dielectric  Constant 
-4(1 60  Hi,  unless 
otherwise  stated) 

Dielectric  Strength 
(V/mll,  1/8"  thick,  un¬ 
less  otherwise  stated 

Dissipation  Factor 
(at  60  Hz,  unless 
otherwise  stated) 

ELASTOMERS* 

1.  Polyurethane 

60 

8561,000 

0.278 

2.  Silicone  Rubber 

3.63.5 

106655 

0.001-0.010 

THERMOSETS* 

(at  1  kHz) 

• 

(at  1  kHz) 

3.  Epoxy  (mineral  filled) 

3.65.0 

306400 

0.010 

4.  Epoxy  (glass  filled) 

3.65.0 

306400 

0.010 

5.  Phenolic  (glass  filled) 

7.1 

146400 

0.050 

6.  Polyester  (glass  filled) 
THERMOPLASTICS” 

5.67.3 

346420 

0.011-0.041 

7.  Acrylic 

3.63.9 

400 

0.04-0.05 

8.  Cellulose  Acetate 

3.2-75 

296600 

0.01-0.10 

9.  Chlorotrifluoroethylene 

2.65 

450 

0.015 

10.  Fluorlnated  ethylene  propylene  (F  EP)  2.1 

500 

0.0002 

11.  Polytetrafluoroethane(PTFE) 

2.1 

400 

<0.0001 

12.  Nylon  8 

6.1 

306400 

0. 4-0.6 

13.  Nylon  6/6 

3.64.0 

306400 

0.014 

14.  Polyethylene  (medium  density) 

2.3 

4561,000 

0.0001-0.0005 

15.  Polyimlde 

3.5 

400 

0002-0003 

16.  Polypropylene 

2.1-2.7 

456660 

0.0007-0.005 

17.  Polystyrene 

2.52.65 

506700 

0.0001-00005 

18.  Polyvinyl  Chloride  (flexible) 

59 

3061,000 

0.060.15 

19.  Polyvinyl  Chloride  (rigid) 
GLASSES** 

3.4 

4261,040 

0.01-0.02 

20.  Borosilicate  (#7740) 

4.8 

4,000 

(kV/cm,  0.10  mm) 

21.  Soda  Lead 

8.2 

3,100 

(kV/cm,  0.10  mm) 

22.  Soda  Lime 

7.0 

45 

(kV/cm.  0.10  mm) 
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The  cerebrospinal  fluid,  a  Mllne-llke  environment,  contains  a 
large  amount  of  sodium  ions.  Sodium  ions  are  one  of  the  most  damaging 
contaminants  of  integrated  circuits:  very  small  concentrations  (a  fev 
parts  per  million)  cancause  catastrophic  failure  of  a  circuit  (1*:546). 
The  silicon  dioxide  layer  which  initially  protects  the  chip  can  retard 
penetration  of  moisture,  hut  not  of  the  sodium  ions  (16:548).  The  poly- 
lmide  encapsulation,  then,  should  adequately  protect  the  integrated 
circuit  from  the  harsh  CSF  environment.  However,  this  protection  may 
only  be  temporary.  The  temporary  protection  results  from  an  important 
disadvantage:  the  water  permeability  of  polylmldes. 

Folyimides,  like  most  polymers,  "possess  a  finite  permeability  to 
moisture"  rad  water  vapor  (9:29).  As  moisture  permeates  throughout 
polylmlde,  it  begins  to  raise  the  dielectric  constant  and  dissipation 
factor  of  the  polylmlde  (9:52).  Therefore,  a  polyimide-encapsulated 
chip,  left  in  the  CSF  for  an  extended  period  of  time,  will  slowly  lose 
its  strong  electrical  properties,  possibly  allowing  sodium  ions  to 
penetrate  to  the  chip’s  surface.  This  time  period,  however,  should  be 
sufficient  for  the  length  of  time  the  brain  chip  is  to  remain  in  the 
brain. 

Besides  moisture  penetration,  another  problem  which  occurs  with 
polylmldes  is  their  high  rate  of  shrinkage.  This  shrinkage  is  great 
enough  to  pull  bonds  from  their  bonding  pads  (11:6).  Despite  these 
problems,  polylmlde  does  protect  against  sodium  ions  in  the  cerebrospi¬ 
nal  fluid,  for  at  least  nineteen  days,  as  proven  by  Hensley  and  Denton. 

Approach 


This  problem  will  be  solved  using  an  approach  which  divides  the 


problem  Into  elm  separate  milestones. 

1 )  Preliminary  tests  will  be  run  to  Insure  the  electrodes  can 
record  data  in  a  saline  bath  environment.  A  packaged  chip  (in  a  64-pin 
package)  will  be  ooated  around  its  perimeter,  by  hand,  with  polyimlde. 
Thin  package  will  be  tested  for  proper  operation  in  a  normal  environ¬ 
ment,  to  insure  proper  functioning  of  the  clock,  counter,  decoder,  and 
multiplexer.  The  chip  will  then  be  tested  in  a  saline  environment  with 
a  signal  applied  to  the  electrodes.  Since  the  package  is  encapsulated 
by  hand,  preliminary  testing  oheoks  proper  functioning  of  the  chip,  not 
the  capability  of  the  polyimlde  to  protect. 

2)  An  entire  chip  will  then  be  encapsulated  with  polyimlde  follow¬ 
ing  a  passivation  schedule  similar  to  that  used  by  Denton  and  La  Vole. 
Doing  a  mask,  the  aluminum  electrodes  and  bonding  pads  will  be  exposed 
by  etching  through  the  polyimlde.  For  maximum  protection,  the  passiva¬ 
tion  schedule  will  be  repeated  five  times  forming  a  relatively  thick 
layer  of  polyimlde. 

3)  In  parallel  with  encapsulating  the  chip,  a  package  for  insert¬ 
ing  the  chip  into  the  brain  will  be  designed.  The  AFIT  Machine  Shop 
will  fabrioate  the  design. 

4)  After  encapsulation,  the  chip  will  be  tested  in  a  saline  envi¬ 
ronment.  This  will  determine  the  sueeess  of  the  encapsulation  pro¬ 
cedure  . 

3)  At  least  four  ohlps  will  be  produced  with  silver  eleotrodes, 
instead  of  aluminum  eleotrodes.  The  silver  will  be  evaporated  onto  the 
aluminum  pads  of  the  brain  ohlp.  These  ohlps  will  then  undergo  the 
enoapeulation  process. 

6)  After  enoapeulation,  both  the  silver  and  aluminum  eleotrode 


brain  ohlpa  will  be  bonded  to  the  packages  fabricated  bp  the  Machine 
Shop.  Long-tern  testing  of  both  types  of  ohlpe  in  a  eallne  bath  envi- 
ronaent  will  then  take  plaoe. 

Sequence  of  Preeentatlon 

The  sequence  in  which  the  aaterial  will  be  preeented  in  thla  theela 
dlffere  e lightly  froa  the  eequenoe  of  etepe  in  the  Approach.  Chapter 
II  dleoueeee  the  deelgn  of  the  eoaplete  implantable  package.  Thla 
includee  the  requirenente  of  the  brain  chip  encapeulation  and  paokage 
deelgn •  the  deelgn  of  the  package,  and  Integration  of  the  chip  and  pack¬ 
age.  A  euggeated  procedure  for  Inplantation  and  lneertion  of  the  pack¬ 
age  ia  alao  included. 

Chapter  III  dlacuaeee  the  actual  encapeulation  proceea  for  the 
chip.  Starting  with  praotiee  wafers,  this  chapter  reveals  how  the 
final  single-chip  encapsulation  process  evolved.  The  addition  of  sil¬ 
ver  onto  the  eleotrodes  of  the  chip  is  also  included. 

The  results  of  saline  environment  tests  on  the  brain  chip  are 
presented  in  Chapter  IT.  Tests  are  run  on  both  an  unencapsulated  and 
encapsulated  ohlp  in  a  64-pin  package,  and  an  encapsulated  chip  in  the 
implantable  package. 

The  problems  encountered  throughout  this  effort,  especially  in  the 
encapsulation  process  using  single  chips  are  sunmed  up  in  Chapter  T. 

Chapter  ?I  discusses  the  conclusions  reached  about  the  encapsula¬ 
tion  prooess  and  the  completed  package.  Recommendations  for  follow-on 
research  and  paokage  designs  are  also  Included. 


Designing  an  implantable  package  first  requires  setting  down  the 
rules,  or  requlreaents  for  the  package.  This  can  be  broken  into  two 
areas:  requlreaents  for  the  brain  chip  and  requirements  for  the  pack¬ 

age.  Based  on  the  requlreaents,  the  design  of  the  package  can  be  devel¬ 
oped.  The  brain  chip  has  already  been  fabricated,  so  only  the  actual 
proccessing  will  be  discussed.  This  is  done  in  Chapter  III.  The  pack¬ 
age  which  will  hold  the  brain  chip  was  not  fabricated  prior  to  this 
thesis,  and  its  design  and  fabrication  are  discussed  here.  After  the 
package  is  developed,  it  can  be  Integrated  with  the  brain  chip  into  an 
Implantable  package.  Although  the  actual  implantation  of  the  package 
is  not  covered,  a  recommended  procedure  for  implantation  is. 

Requirements  for  the  Array 

As  mentioned  earlier,  the  brain  chip  array  was  designed  by  Ballen- 
tlne.  His  design  was  to  be  an  improvement  over  the  4X4  JFET  array 
used  by  Hensley  and  Denton.  This  JFET  array  suffered  from  some  flaws 
which  became  the  basis  for  some  of  the  requirements  of  the  new  brain 
chip  array.  Additionally,  further  refinement  of  an  established  proce¬ 
dure  has  led  to  new  requirements. 

The  most  important  problem  with  the  4X4  array  was  its  size.  The 
chip  measured  one  centimeter  by  one  centimeter.  Due  to  the  curvature 
of  the  skull,  and  hence  the  brain,  it  becomes  difficult  to  contact  the 
complete  surface  of  the  ohlp  with  the  brain.  There  is  also  a  risk  of 
local  compression  of  brain  tissue.  Hensley  and  Denton  stated  that  the 
4X4  array  was  "somewhat  large"  for  the  laboratory  beagle's  skull 


The  next  research 


(5:90).  The  next  research  mammal  to  he  used  is  the  rhesus  nonkey, 
whose  skull  is  only  soaewhat  larger  than  that  of  a  beagle.  Therefore, 
a  smaller  brain  chip  is  required  to  continue  the  research. 

An  inconvenience  with  the  JFBT  array  is  its  requirements  for  posi¬ 
tive  and  negative  voltages.  Hensley  and  Denton  powered  their  array 
from  batteries  supplying  +6  volts  and  -6  volts,  which  is  not  TTL  compat¬ 
ible  (9:57).  This  requires  use  of  negative  logic.  Aleo  use  of  the 
JFETs  requires  ”pinch-off"  voltages  for  the  transistors  (which  varied 
considerably  from  JFBT  to  JFBT)  and  a  tedious  "tuning"  of  the  array  to 
compensate  ifor  the  differing  DC  offsets  Introduced  by  individual  JFETs 
(5:45-49).  To  solve  these  problems,  the  new  array  should  be  fabricated 
from  HM08  technology.  This  technology  is  directly  TTL  compatible, 
requiring  only  a  +5  volt  power  source,  and  positive  logic  (12:157-158). 
Through  H0SI8  and  DARPA,  HM08  Integrated  circuits  can  be  fabricated  at 


no  cost  to  AFIT. 

The  basic  computational  elements  (b.e.e.’s)  in  the  brain  are  approx¬ 
imately  51  to  1  00  microns  in  diameter  in  the  human  visual  cortex 
(1:41),  and  as  much  as  500  microns  in  mammals  such  as  cats  (15:155). 
To  allow  observation  of  an  individual  b.c.e.,  the  electrodes  in  the 
array  must  be  of  similar  sise.  Therefore,  the  electrodes  on  the  new 
array  are  required  to  be  less  than  5*0  microns  vide,  and  should  be  as 
close  to  the  5*  to  100  microns  dimension  as  possible. 

To  allov  simultaneous  observation  of  more  b.c.e. ’s,  the  number  of 
electrodes  on  the  NM08  ohlp  was  Increased  from  16  to  256.  However,  an 
lnorease  in  the  number  of  relatively  large  electrodes  was  accomplished 
in  less  spaoe  than  that  used  by  the  4  Z  4  array  ohip  due  to  the  smaller 
else  of  the  bonding  pads. 


An  increase  In  the  number  of  electrodes  results  in  an  increase  in 
the  number  of  outputs  to  the  external  world.  This  undoubtedly  means  an 
Increase  in  the  number  of  wires  externally  attached  to  the  surface  of 
the  chip.  However,  the  more  wires  attached,  the  larger  the  final  pack¬ 
age,  and  the  greater  the  vulnerability  to  mechanical  failure  (due  to 
breakage  of  wires).  Therefore,  control  circuitry  must  be  included  on 
chip  to  minimise  the  number  of  wires  which  must  be  attached  to  the 
chip. 

As  with  any  VLSI  circuit  today,  the  new  brain  chip  must  be  test¬ 
able,  to  allow  verification  of  correct  functioning,  prior  to  implanta¬ 
tion.  This  requires  test  pads  be  added  to  allow  monitoring  of  the 
control  circuitry  on  the  chip. 

Finally,  to  allow  long  term  use  of  the  chip,  it  must  be  protected 
from  the  corrosive  cerebrospinal  fluid  (C8F) .  This  requires  an  enc&psu- 
lant  which  resists  penetration  not  only  of  moisture,  but  also  of  the 
numerous  ions  found  in  the  C8F  (see  14:933  for  a  list  of  these  ions). 
Especially  Important  is  protection  from  the  sodium  ions,  one  of  the 
most  damaging  contaminants  to  Integrated  circuits  (10:346).  However,  an 
additional  requirement  here  is  that  the  chip  and  its  protective  layer 
be  inert  to  brain  tissue  and  the  C8F.  If  it  is  not  inert,  the  possibil¬ 
ity  of  infection,  or  worse,  permanent  damage  to  the  mammal,  exists. 

Most  of  the  requirements,  summarised  in  Table  II,  have  already  been 
met  with  the  brain  chip  array  designed  by  Ballentlne,  and  modified  by 
Dr.  Roger  Colvin.  This  array,  seen  in  Figure  1,  is  smaller  than  the  4  X 
4  JFET  array.  It  measures  0.71  centimeters  as  compared  to  the  1.0  cen¬ 
timeters  of  the  4X4.  Using  NMOS  technology,  the  number  of  electrodes 
was  Increased  by  a  factor  of  16  to  296,  with  each  electrode  measuring 
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Table  II 


Requirements  for  the  Brain  Chip  Array 


REQUIREMENT 
Smaller  chip  size 
RMOS  technology 

Small  electrodes 
More  electrodes 


REASON 

Better  contact  with  brain 

TTL  compatibility;  positive 
voltages 

Observe  individual  b.o.e.'s 

Observe  maximum  number  of 
b . c . e . ' s  simultaneously 


Minimum  number  of  wires 

Test  pads 

Protection  from  CSF 

Chip  and  protective 
layer  inert  to  braln/CSF 


Smaller  package;  minimize 
mechanical  failure 

Verify  functionality  of  the 
chip 

Long-term  use  of  chip 

Reduce  chance  of  infection 
or  damage  to  mammal 


180  microns  by  180  microns.  The  JFET  electrodes  of  the  4  Z  4  array 
measured  180  microns  by  120  microns.  The  250  micron  center  to  center 
spacing  was  maintained  for  both  versions.  This  puts  the  electrode  size 
well  below  the  theoretical  size  of  the  cat's  b.c.e.’s  (500  microns), 
although  still  larger  than  a  human's. 

By  multiplexing  the  sixteen  rows,  the  number  of  wires  required  to 
observe  the  256  electrodes  was  minimized.  Therefore,  only  sixteen 
wires  are  required  to  output  signals  to  the  external  world.  Finally, 
the  chip  is  very  testable,  with  special  pads  allowing  monitoring  of  the 
circuit's  olock  pulses,  counter,  and  multiplexer.  This  chip  has  been 
fully  tested  by  Michael  McConkey  (Appendix  F)  and  is  fully  operational. 


Further  details  on  this  chip  may  be  found  in  Appendix  B. 


A  Modified  verelon  of  this  chip  (Figure  2)  was  aleo  designed  by 
Ballentlne.  This  Modified  version  further  reduced  the  number  of  wires 
required  to  observe  the  electrodes  to  only  one  wire.  This  was  accom¬ 
plished  by  adding  a  second  multiplexer  to  multiplex  the  sixteen  out¬ 
puts.  In  doing  this,  some  testability  was  lost.  However,  this  chip, 
also  tested  by  McConkey  (Appendix  F)  does  not  function  correctly.  No 
attempt  to  correct  this  chip  was  made  In  this  thesis. 

The  only  remaining  requirements  for  the  brain  chip  array,  then,  are 
protection  of  the  array  froa  the  C8F  and  protection  of  the  CSK  and 
brain  froa  the  chlp/protective  layer.  Accomplishment  of  these  require 
aents  comprise  Chapter  III. 

Requirements  for  the  Package 

The  brain  chip  must  be  packaged  In  some  manner  to  allow  Implanta¬ 
tion  Into  the  skull.  Hensley  and  Denton  used  the  actual  chip  Itself, 
glued  to  a  silicon  square  of  equal  dimensions,  as  the  package.  The 
chip  and  wires  were  coated  with  epoxy  (for  strength)  and  polyimlde  (for 
protection)  (5:26).  The  resulting  package  was  fragile  and  had  to  be 
surgically  Implanted  and  surgically  removed.  The  requirements  for  the 
package  In  this  thesis  are  based  upon  many  of  the  recommendations  Hens¬ 
ley  and  Denton  discussed  for  continued  research. 

The  first  requirement  is  that  the  package  be  reuseable,  allowing 
chronic  Implantation  and  removal.  This  allows  maximum  use  of  the  chip 
and  the  package.  In  addition,  should  a  chip  malfunction  for  any 
reason,  it  can  be  replaced. 

With  chronic  Insertion  and  removal  comes  the  danger  of  trauma  to 


the  mammal  subject  which  can  Incapacitate  or  kill.  Therefore,  the 


package  aust  be  capable  of  Insertion  sad  removal  with  the  least  amount 
of  trauma.  Cranial  surgery,  then,  must  be  minimised. 

The  next  mammal  to  be  used,  a  rhesus  monkey,  has  a  small  skull. 
This  requires  that  the  package  be  small,  to  insure  the  ohlp  will  lie 
flat  and  completely  against  the  brain  despite  the  skull's  (and  thus  the 
brain's)  curvature . 

Once  Implanted  in  the  skull,  the  package  must  not  exert  any  mechan¬ 
ical  force  which  nay  damage  the  brain.  Twisting  the  chip  against  brain 
tissue  may  rip  and  scar  the  tissue.  On  the  other  hand,  exerting  direct 
pressure  on  the  brain  (in  an  attempt  to  foroe  It  flat  against  the 
brain)  can  cause  edema  or  necrosis  (5:81).  If  the  brain  la  damaged, 
the  experiment  will  probably  yield  erroneous  and  misleading  data. 

As  with  the  brain  ohip,  the  materials  used  in  the  package  aust  be 
inert.  There  should  be  no  reaction  between  the  package  and  the  brain 
tissue  or  C8F. 

Along  with  being  inert,  the  package  must  provide  protection  from 
penetration  of  infectious  agents  into  the  skull.  The  laboratory  beagle 
used  by  Hensley  and  Denton  showed  signs  of  wound  Infection  after  seven¬ 
teen  days.  The  most  probable  cause  was  that  Infection  traveled  up  the 
tubing  protecting  the  wires.  Therefore,  the  package  must  be  able  to 
seal  out  infection. 

Finally,  the  package  aust  be  immovable  when  in  place,  and  mechan¬ 
ically  stable.  Unlike  a  dog,  a  rhesus  monkey  has  fingers  with  which  to 

t 

securely  grasp  something  protruding  from  its  head.  In  the  cage,  the 
monkey  may  knoek  the  package  against  the  bars.  The  package  must  be 
designed  to  prevent  the  monkey  from  damaging  it,  or  injuring  Itself. 

The  requirements  for  the  package  are  summed  up  in  Table  III.  These 


Table  III 


Requirements  for  the  Brain  Chip  Package 


REQUIREMENT 

REASON 

Chronically  Implantable 

Maximum  use  of  the  chip 

Minimise  traumatic  surgery 

Avoid  incapacitating  or  killing 
the  subject 

Small  package 

Unaffected  by  skull's  curvature 

Minimise  mechanical  stress 

Prevent  damage  to  brain 

Use  Inert  materials 

Prevent  damage  to  brain 

Protect  against  Infection 

Prevent  damage  to  brain  or  to 
the  subject 

Be  Immovable  and  stable 

Prevent  damage  to  package  or  to 
aub j  ect 

requirements  primarily  Insure  survival  of  the  subject  and  the  chip. 
All  of  these  requirements  are  met  with  the  final  design  of  the  package. 
This  design  Is  presented  In  the  neat  section. 

Design  of  the  Package 

Using  the  requirements  above,  a  package  has  been  designed  and  fabri¬ 
cated.  The  design  of  the  package  is  similar  to  a  package  presently 
used  by  the  Vrlght-Patterson  Air  Force  Base  Aerospace  Medical  Research 
Laboratory  (AMRL).  The  package  vhlch  AMRL  now  uses  consists  of  a  cylin¬ 
der  permanently  attached  to  the  skull  of  a  rhesus  monkey.  Through  a 
hole  in  the  oylinder,  technicians  can  Insert  a  wire  probe  down  Into  the 
brain.  When  not  In  use,  a  teflon  screw  is  inserted  Into  the  cylinder 
to  prevent  lnfeetion.  This  three  part  system  of  receptacle,  probe,  and 
protective  sealant,  forms  the  basis  of  the  design  used  In  this  thesis. 
It  consists  of  a  three  part  package:  the  mount,  implantable  package. 


Figure  4.  Brain  Chip  Package  Outer  Cylinder  But  (Mount) 

Beginning  at  the  top  of  the  cylinder,  a  •.■85  inch  vide  alot  ie  cut 
through  the  vail  of  the  cylinder,  dovn  &.25I  Inches.  This  slot  pre¬ 
vents  the  cylindrical  package  froai  twisting  vhen  in  the  mount.  The 
surface  of  the  outer  cylinder  is  threaded  to  accept  the  outer  cylinder 
nut. 

Threaded  to  screv  onto  the  outer  cylinder,  the  outer  cylinder  nut 
(Figure  4)  is  a  •.•625  inch  thick,  f.14i  inch  vide  ring  Measuring 
1.B625  inches  from  side  to  side.  With  the  outer  cylinder's  flange 
beneath  the  skull,  the  outer 

cylinder  nut  is  tightened  dovn  to  the  surface  of  the  skull,  locking  the 
Mount  flraly  into  place.  To  aid  in  tightening  the  nut,  opposite  sides 
of  the  nut  have  been  shaved  off  providing  a  *.45#  inch  flat  edge  for  a 
wrench  to  grasp.  In  addition,  two  •.•65  inch  holes  have  been  drilled 
on  opposite  sides  to  allow  tightening  with  a  tveeser-llke  tool.  These 
holes  are  located  9*°  around  the  nut  froa  the  flat  edges. 

Implantable  Package .  Whereas  the  mount  is  permanently  attached  to 
the  skull,  the  implantable  package  is  easily  Inserted  and  removed.  The 


Figure  5.  Brain  Chip  Package  Inner  Cylinder  (Implantable  Package) 


Implantable  package,  ehovn  In  Figure  5,  Is  the  Inner  cylinder  of  the 
brain  chip  package.  Aa  explained  in  the  next  aectlon,  thla  cylinder 
hoi  da  the  brain  chip  on  the  bottom  and  the  wire  connector  at  the  top. 
It  conslsta  of  a  0.75*  Inch  long  hollov  cylinder  with 

a  pin  extending  0.0625  Inches  from  the  surface.  The  pin,  a  0.0625  Inch 
diameter  solid  wire,  la  centered  0.275  lnohes  from  the  top.  When  the 
Inner  cylinder  la  Inserted  Into  the  mount,  this  pin  slides  Into  the 
mount's  slot  to  prevent  twisting.  The  0.250  Inch  depth  of  the  slot 
allows  the  inner  cylinder  to  protrude  approximately  0.010  Inches  past 
the  bottom  of  the  mount,  if  needed.  The  Inner  cylinder  Is  a  thin- 
walled  cylinder,  with  an  inner  diameter  of  0.625  Inches  and  an  outer 
diameter  of  0.6875  inches.  This  allows  it  to  fit  snugly  into  the  outer 
cylinder. 

Protective  Cap.  To  seal  the  the  package  when  the  monkey  is  not 
being  used  for  experimentation,  two  protective  caps  are  required:  one 
for  the  mount  only  and  one  for  the  mount  with  the  Implantable  package. 
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Figure  6.  Proteetlve  Cepe:  e)  without  Inner  cylinder;  b)  with 
Inner  cylinder 

The  mount ’ a  protective  cep  (Figure  6e)  le  e  0.55*  inch  long  cylinder, 
•.96875  Inches  In  dlemeter ,  eeeled  on  one  end.  The  Inner  well  of  the 
cylinder  le  aetched  to  fit  the  mount's  threads.  A  rubber  weeher  should 
be  used  inside  the  oep  to  provide  e  good  seel.  A  •.•9*  Inch  diameter 
hole  should  be  drilled  0.10  inches  from  the  bottom  for  Insertion  of  e 
set  screw.  This  cep  Is  used  when  the  Inner  cylinder  Is  not  Inserted. 

When  the  inner  oyllnder  Is  In  piece,  the  cylinder  end  connector  on 
top  protrude  0.500  Inches  from  the  top  of  the  mount.  The  cap  described 
above,  then,  is  too  short  for  this  combination.  Therefore  e  similar 
cep,  with  equal  diameter  but  measuring  t. 781 25  inches  long  is  required 
as  shown  in  Figure  6b.  A  rubber  washer  must  be  pushed  down  the  connec¬ 
tor  and  inner  cylinder,  to  the  top  of  the  mount,  to  serve  as  a  seal.  A 
•.•9*  inch  diameter  hole  should  again  be  drilled  0.10  inches  from  the 
bottom,  for  a  set  screw. 

Design  Requirements.  The  package  described  above  meets  the  design 


requirements  as  stated  in  the  prior  section.  The  use  of  a  permanent 


■oust  with  r«»ovable  loner  07 11 Oder  easily  all owe  ohroalo  Implantations 
of  the  package  without  the  use  of  surgery.  The  only  required  surgery 


II 


Is  to  place  the  mount  Into  the  skull.  The  package  Is  email,  though  a 
smaller  package  would  be  desirable.  Mechanical  stress  to  the  brain  la 
avoided  by  the  mount's  slot  and  the  Inner  cylinder's  pin.  Mo  twisting 
of  the  package  can  occur  once  It  Is  Inserted  into  the  mount,  and  the 
package  cannot  be  pushed  onto  the  brain.  Since  the  whole  package  Is 
made  of  medioal -grade  stainless  steel.  It  la  Inert  to  the  brain.  As 
will  be  seen  in  the  next  section,  the  base  of  the  Inner  cylinder  will 
be  coated  with  polyimlde,  which  Is  also  Inert.  The  use  of  protective 
caps  will  help  prevent  infection,  however,  while  In  use,  there  will  be 
no  protective  cap.  At  this  time,  chance  of  Infection  will  be  present. 
Finally,  the  mount  is  designed  to  remain  In  place.  The  flange  beneath 
the  skull  and  the  nut  above  the  skull  lock  the  mount  In  place.  During 
actual  surgery,  a  procedure  using  dental  acrylic  will  oement  the  mount 
In  place,  further  lsemblllslng  It.  This  package  has  been  fabricated  as 
designed. 

Integration  of  Array  and  Package 

Before  the  package  can  be  used,  the  brain  ohip  array  and  package 
must  be  integrated  into  an  Implantable  device.  This  integration  re¬ 
quires  attaching  the  chip  to  the  underside  of  the  inner  cylinder,  run¬ 
ning  wires  through  the  cylinder,  attaching  the  vires  to  a  connector, 
then  affixing  the  connector  to  the  top  of  the  inner  cylinder.  The 
specific  order  for  this  la:  preparing  and  attaching  the  wires  to  the 
cylinder,  attaching  the  chip,  and  attaching  the  connector. 

Preparing  and  Attaching  the  Vires.  The  purpose  of  the  wires  is  to 
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Allow  external  oontrol  aad  output  froa  the  chip.  These  vires  aust  be 
attached  to  the  chip  on  the  bottoa  of  the  laplantable  package  and  the 
connector  on  the  top  (see  Figure  5b).  Epoxy  is  used  to  ceaent  the 
wires  into  place  in  the  lower  half  of  the  laplantable  package.  Since 
the  vires  aust  be  bonded  to  the  chip,  it  is  best  to  put  the  wires  in  a 
known  order  prior  to  epoxylng  then  in.  5*-gauge  solid  copper  hook-up 
wire  was  chosen  with  kynor  insulation,  rated  at  125°  centigrade.  The 
teaperature  rating  is  important,  since  these  vires  will  be  subjected  to 
18i°  centigrade  during  processing.  Teflon  ooated  wire  would  be 
better,  but  none  was  available.  Thirty-five  vires  are  used  to  allow 
essential  connections,  as  well  as  testing  connections.  Appendix  C 
contains  a  wiring  dlagraa  for  the  chip. 

Prior  to  epoxying  the  vires  in  place,  they  should  be  ordered  and 
nuabered.  One  set  of  eighteen  and  one  set  of  seventeen  2-inch  long 
wires  are  tagged  at  one  end  with  labels  nuabered  consecutively  1 
through  55.  The  wires  in  each  set  are  straightened  and  plaoed  side  by 
side  on  a  piece  of  Basking  tape  (sticky  side  up)  to  hold  then  in  place. 
When  the  set  of  wires  are  in  place,  the  tape  should  be  wrapped  over  the 
top  to  hold  thea  in  place.  The  tape  should  be  attached  to  both  ends  of 
the  wire  to  Insure  they  stay  ordered,  and  in  place.  The  result  is  a 
flat  line  of  vires. 

To  hold  the  wires  in  place  in  the  cylinder,  fabricate  a  thin  card¬ 
board  (or  stiff  paper)  insert  to  fit  inside  the  cylinder.  First  cut  a 
5/8-inch  circle  froa  the  cardboard,  then  cut  slits  for  the  taped  wire 
packages  so  the  two  sets  of  wires  will  meet  at  a  right  angle,  as  in 
Figure  7.  Allow  enough  rooa  for  the  chip  to  lie  within  the  vertex  of 
the  vires.  81ip  the  wire  packages  into  the  cardboard  slits,  and  slide 
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Figure  7.  Inner  Cylinder  with  Wires  and  Chip  Attached  (bottom  view) 


the  insert  into  the  inner  cylinder.  The  insert  should  sit  about 
1/8- inch  from  the  bottom.  The  wires  should  extent  at  least  1/4-lnch 
beyond  the  bottom  of  the  cylinder  through  the  Insert.  Remove  the  tape 
from  the  bundle  of  wires  between  the  Insert  and  the  edge  of  the  cylin¬ 
der's  base  to  allow  the  epoxy  to  contact  each  wire.  The  wires  should 
extend  through  the  top  of  the  cylinder  with  the  labels  visible. 

With  the  wires  and  Insert  in  place,  the  cylinder  is  ready  for  the 
epoxy.  The  epoxy  should  be  capable  of  withstanding  high  temperatures. 
BpoTek  H70B  epoxy,  produced  by  Bpoxy  Technology  Inc.,  initially  proved 
adequate  for  this  purpose.  A  thin  layer  of  epoxy  should  be  spread 
around  all  edges  of  the  cardboard  Insert  and  around  the  vires,  then 
cured.  This  permanently  cements  the  Insert  into  the  cylinder  and  seals 
all  holes,  preventing  leakage  of  epoxy  through  the  insert.  After  the 
holes  are  sealed,  pour  epoxy  to  fill  the  bottom  of  the  cylinder,  and 
cure  according  to  the  manufacturers  cure  schedule. 

When  completely  cured,  snip  off  the  wire  ends  extending  through  the 
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epoxy ,  then  sand  the  bottom  of  the  cylinder  to  get  a  smooth  -surface. 
This  should  leave  only  smooth  oopper  clroles  shoving  In  the  epoxy . 
These  olrcles  will  he  ultrasonieally  bonded  to  the  chip. 

Attaching  the  Chip.  After  the  vires  are  in  place,  an  encapsulated 
brain  chip,  described  In  Chapter  III,  is  taped  to  the  epoxy  on  the  bot¬ 
toa  of  the  Inner  cylinder.  A  piece  of  double-sided  tape,  cut  to  the 
sane  dimensions  as  the  chip,  is  affixed  within  the  vertex  of  the  two 
sets  of  copper  circles  (vires)  shoving.  The  chip  is  then  attached  to 
the  tape  so  that  the  output  pads  (see  Figure  1  )  lay  next  to  one  set  of 
vires  ,  and  the  control  olrcuit  pads  lie  next  to  the  other  set  (see 
Figure  7).  Using  an  ultrasonic  bonder,  bond  vires  from  the  chip  to  the 
copper  circles  in  the  epoxy,  noting  the  wire  numbers  for  each  pad.  The 
bonding  diagram  used  for  this  thesis  appears  in  Appendix  C.  Before  put¬ 
ting  any  protective  coating  on  the  wires,  check  the  functionality  of 
the  chip ‘a  control  circuitry,  using  a  similar  test  set-up  as  In  Chapter 
IT. 

The  bottom  surface  of  the  inner  cylinder  is  now  ready  for  its  pro¬ 
tective  polylmlde  coating.  To  protect  the  fragile  bonding  vires,  epoxy 
should  be  used  to  form  a  tough,  protective  layer.  Use  the  same  epoxy 
as  for  cementing  the  vires  since  It  will  also  undergo  high  tempera¬ 
tures.  The  epoxy  is  necessary  prior  to  the  polylmlde  coat  due  to  the 
shrinkage  of  polylmlde  as  it  cures.  This  shrinkage  will  break  the 
vires,  as  shown  In  the  references  (see  11:6)  and  in  testing  in  Chapter 
III.  Apply  the  epoxy  at  the  base  of  the  vires,  then  build  up  to  cover 
all  bonding  vires.  Keep  the  build-up  to  a  minimum  as  veil  as  away  from 
the  eleotrode  array.  After  curing  the  epoxy,  thoroughly  clean  the 
bottoa  surface  of  the  cylinder  to  remove  all  grease  and  ionic 


contaminant*.  Use  a  procedure  similar  to- the  standard  olean  shown  In 
Appendix  A. 

On  the  clean  chip  and  cylinder  surface,  puddle  VM-651 ,  Poljlmlde 
Adhesion  Promoter  by  Dupont.  Let  it  sit  for  five  seconds,  then  blow 
dry  with  H2.  This  Insures  good  adhesion  of  the  polylmlde  layer. 
Apply  the  polylmlde,  by  hand,  across  the  surface  of  the  cylinder,  and 
over  all  epoxy  on  the  chip.  Insure  all  exposed  metal  pads  are  covered, 
except  for  the  exposed  electrode  array  pads.  Cure  the  polylmlde  In 
stages  to  ease  the  strain  caused  by  shrinkage.  Dae  the  following  times 
and  temperatures  for  best  results:  70°  C  for  30  minutes;  120°  C 
for  30  minutes;  150°  C  for  30  minutes;  and  180°  C  for  two  hours. 

Attaching  the  Connector .  Vlth  the  Inner  cylinder  coated  and  wires 
attached,  only  the  addition  of  a  connector  is  required.  The  connector 
used  In  this  thesis  is  an  85-pin  microminiature  connector  from  ITT 
Cannon  Electric  (see  Appendix  D).  The  preferred  connector  a  55-pin 
connector  from  the  same  company,  was  not  available.  However,  the  two 
are  similar  In  slae,  and  interchangeability  should  pose  no  problems. 
Details  on  the  two  connectors  can  be  found  in  Appendix  D. 

Prior  to  using  either  connector,  the  unneeded  wires  should  be 
trimmed  off,  and  the  other  wires  shortened  to  approximately  1/2-lnch. 
The  receptacle  portion  of  the  connector  comes  with  a  square  mounting 
plate  which  must  be  shaved  off  using  a  lathe.  The  connector  must  be 
round  to  allow  the  protective  cap  to  fit  over  it. 

Using  the  bonding  diagram,  solder  the  wires  from  the  chip  to  the 
wires  on  the  connector,  noting  the  pin  number  for  each  on  the  diagram. 
81nce,  the  wires  are  to  be  pushed  into  the  cylinder,  each  solder  joint 
must  be  strong  and  well  insulated.  A  silicone  rubber  sealant  (RTV)  is 


recommended.  Apply  the  RTV  to  each  joint,  and  allow  to  cure  overnight. 


After  it  curee,  carefully  push  the  wires  into  the  cylinder,  and  affix 
the  connector  to  the  top  of  the  cylinder.  RTV  was  used  to  attach  the 
cylinder  in  this  thesis,  only  because  removal  may  be  required.  Once 
more  connectors  arrive,  they  should  be  affixed  to  the  cylinder  with 
epoxy  and  cured  at  low  temperatures  to  avoid  melting  the  RTV  or  connec¬ 
tor  wires. 

This  completes  the  integration  of  the  chip  and  package.  All  require¬ 
ments  for  the  package  and  chip  are  met  in  this  integrated  package.  The 
polyimide  covering  Insures  that  no  reaction  occurs  between  the  C8F  and 
epoxy,  as  well  as  sealing  the  inner  cylinder. 

Suggested  Implantation  Procedure 

The  Integrated  package  is  fully  capable  of  non-surglcal  Insertion 
into  and  removal  from  the  brain.  However,  one  surgical  operation  must 
be  accomplished  to  implant  the  package’s  mounting  hardware  into  the 
skull  prior  to  use.  Hensley  and  Denton  recommended  a  procedure  which 
is  similar  to  that  now  used  by  the  AMRL  at  Vrlght-Patterson  AFB 
(5:102-103).  AMRL ' s  procedure  is  used  to  implant  a  stainless  steel 
cylinder,  similar  to  the  Implantable  brain  chip  package,  into  a  rhesus 
monkey’s  skull  for  the  purpose  of  observing  oxygen  in  the  brain.  The 
surgical  procedure  described  below  closely  copies  AMRL ' s  techniques. 
For  a  detailed  description  of  this  procedure  see  references  4  (pages  76 
-  81  )  and  15. 

The  outer  cylinder  (mount)  and  protective  cap  may  be  sterilized  by 
either  a  hot  or  cold  sterilisation,  since  there  are  no  sensitive  parts 
associated  with  either.  The  monkey  should  be  anesthetized  using  the 


Figure  8.  Surgical  Cuts  lato  Skull  for  Mount 

schedule  described  bj  Hensley  and  Denton  (5:76).  After  aseptlcally 
cleansing  the  skin  covering  the  monkey's  visual  cortex  region,  the  skin 
should  be  cut  and  pulled  back  to  expose  the  skull. 

A  set  of  holes,  similar  to  a  keyhole,  should  be  cut  through  the 
skull  as  In  Figure  8.  The  smaller  hole  must  be  placed  directly  over 
the  visual  cortex,  as  this  is  where  the  mount  and  chip  will  sit.  This 
hole  must  be  semicircular  with  a  diameter  no  less  than  0.76  inches,  and 
no  more  than  0.85  Inches.  The  small  hole  is  large  enough  to  allow  the 
cylinder  to  fit  snugly,  with  the  flange  at  the  base  of  the  cylinder 
beneath  the  skull.  Under  no  circumstances  should  this  hole  be  larger 
than  0.85  Inches,  or  it  may  be  possible  for  the  flange  to  be  pulled 
through  the  hole.  If  the  hole  is  smaller  than  0.76  inches,  the  outer 
cylinder  will  not  fit  into  the  hole.  The  larger  hole  should  be  slight¬ 
ly  larger  than  0.95  lnohes  in  diameter  extending  into  the  semicircular 
hole  as  shown  in  Figure  8. 

After  outtlng  the  holes,  the  mount,  with  the  cylinder  nut  threaded 


Figure  9.  Aerospace  Medical  Research  Lab  Implant  Installed  In 
Skull  of  Rhesus  Monkey 

up  1/4  Inch  from  the  base.  Is  set  into  the  large  hole.  The  protective 
cap  should  be  In  place  on  top  of  the  mount  at  this  time.  Insuring  the 
flange  stays  belov  the  skull  and  the  cylinder  nut  above,  the  mount  Is 
slid  Into  the  smaller  hole.  While  holding  the  mount  In  place,  thread 
the  nut  down  tightly  against  the  skull,  using  a  wrench  or  pair  of  tweez¬ 
ers.  This  will  pull  the  flange  up  against  the  underside  of  the  skull, 
and  lock  the  mount  in  place.  The  large  bole  should  be  covered  with 
bone  wax,  to  reseal  it.  The  installed  package  will  look  similar  to  the 
AMRL  implant  shown  in  Figure  9. 

Dental  acrylic  will  be  used  to  cement  the  mount  into  place,  as  dis¬ 
cussed  by  Hensley  and  Denton  (9:78).  First,  use  a  dental  burr  to  rough 
the  surface  of  the  skull  around  the  mount.  This  allows  the  dental 
acrylic  to  adhere  better  to  the  surface.  Place  anchoring  screws  into 
the  skull,  approximately  f.2f  inches  from  either  side  of  the  mount  (see 
Figure  9).  Spread  the  dental  acrylic  over  the  base  of  the  mount,  cylin¬ 
der  nut,  roughed  area  of  the  skull,  bone  wax,  and  the  anchoring  screws. 


This  serves  to  permanently  affix  the  mount ,  while  sealing  the  holes  in 
the  skull.  The  skin  should  be  returned  to  its  original  position  around 
the  base  of  the  aount. 

The  nount  is  now  ready  for  use.  The  inner  cylinder  should  be 
Inserted  only  when  the  monkey  is  restrained.  The  monkey  can  easily 
reach  the  mount  with  hands  and  feet.  Therefore,  when  using  the  implant¬ 
able  device,  a  collar  should  be  placed  around  the  monkey's  neck,  wide 
enough  to  prevent  it  from  reaching  up.  This  should  prevent  the  monkey 
from  grasping  any  wiring. 

This  concludes  the  complete  design  of  the  implantable  package. 
This  package  will  meet  all  the  requirements  set  out  above.  The  suggest¬ 
ed  surgical  procedure,  although  not  a  detailed  description,  serves  as  a 
guide  to  Implanting  the  device  securely  into  the  skull.  Host  impor¬ 
tant,  this  design  and  surgical  procedure  produce  a  system  which  is 
safe,  durable,  and  reuseable. 


III.  Bnomnaulatlon  of  the  Array 

The  aoet  important  aspect  of  this  thesis  effort  is  protection  of 
the  brain  chip  froa  the  corrosive  environment  of  the  brain.  The  encap¬ 
sulating  material,  Polylmide  2555,  must  protect  the  chip's  control  cir¬ 
cuitry  from  moisture  and  ion  penetration.  At  the  same  time,  the  16  Z 
16  electrode  array  must  remain  exposed  to  allow  monitoring  of  the  sig¬ 
nals  from  the  brain.  Bach  electrode  serves  as  the  source  of  an  adja¬ 
cent  NMOS  transistor.  The  gates  of  these  256  transistors  will  quickly 
short  in  the  presence  of  sodium  ions,  despite  their  silicon  dioxide 
passivation  layer.  Therefore,  a  photolithography  process  must  be  used 
to  expose  the  256  electrodes,  while  covering  their  associated  transis¬ 
tors. 

In  the  attempt  to  encapsulate  the  chip,  two  photolithography  pro¬ 
cesses  were  tried:  positive  and  negative.  Prior  to  using  these  pro¬ 

cesses  on  the  brain  chip,  three-inch  practice  wafers  were  used  to 
establish  a  consistent  processing  schedule  which  provided  satisfactory 
results.  After  establishing  the  process  with  wafers,  processing  with 
individual  chips  was  accomplished.  The  small  sise  of  the  chips  result¬ 
ed  in  further  refinement  of  the  wafer  process.  Finally,  the  16  X  16 
electrode  arrays  of  four  brain  chips  were  coated  with  silver,  since  the 
aluminum  electrodes  may  react  with  sodium  ions  in  the  brain. 

Practice  With  Wafers 

Due  to  the  limited  number  of  brain  chips  available  and  the  difficul¬ 
ty  in  working  with  Individual  chips  (measuring  9/52  inches  on  a  side), 
three-inch  practice  wafers  were  used  to  establish  an  encapsulation 
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process.  These  practice  wafers  contained  onlj  a  silicon  dioxide  layer. 
The  three-inch  wafer  slse  was  chosen  since  the  mask  aligner  used  that 
size. 

Initially,  positive  photolithography  was  attempted.  This  process 
was  chosen  over  the  negative  process  due  to  its  simplified  develop/etch 
method.  Positive  photoresist  (PR)  develops  with  a  basic  chemical,  such 
as  A2351 •  Polylmide  etches  with  a  basic  chemical  also.  Therefore, 
only  one  chemical  is  required  with  the  positive  photolithography  pro¬ 
cess.  With  the  negative  process,  three  separate  chemicals  are  re¬ 
quired.  In  addition,  positive  PR  can  be  stripped  easily  with  acetone, 
without  affecting  the  polylmide  layer.  Standard  negative  PR  removal 
requires  use  of  harsh  stripping  agents  which  can  remove  the  polylmide 
finish  also  (6:21). 

However,  positive  photolithography  did  not  produce  satisfactory 
results.  Therefore,  negative  photolithography  was  attempted  and  found 
to  produce  satisfactory,  repeatable  results.  A  list  of  the  chemicals 
used  during  the  photolithography  process,  as  well  as  their  manufactur¬ 
ers,  can  be  found  in  Appendix  B. 

Positive  Photolithography 

The  positive  photolithography  process  initially  attempted,  was 
derived  from  La  Vole’s  thesis  (6:21  -  22)  and  actual  experimentation. 
First,  a  standard  positive  photoresist  application  and  developing  sched¬ 
ule,  without  polylmide,  was  established.  A  number  of  three-inch  wafers 
were  cleaned  and  dried  according  to  the  Standard  Cleaning  schedule  in 
Appendix  A.  Applying  both  the  HMD8  (positive  photoresist  adhesion 
promoter)  and  AZ135VJ  (positive  photoresist)  as  per  the  Positive  PR 
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Process  for  Wafers  (Schedule  #1,  Appendix  A),  only  the  exposure  tine 
and  development  schedule  were  varied. 

Exposure  tines  less  than  20  seconds  normally  resulted  In  a  veil 
defined  pattern,  hut  It  would  not  develop  all  the  way  through  to  the 
silicon  dioxide  layer.  Exposures  up  to  60  seconds  appeared  normal  when 
developed,  but  edges  did  not  seen  as  sharply  defined.  An  exposure  time 
of  29  seconds  was  decided  upon,  due  to  Its  ease  of  develop  and  sharp 
pattern  all  the  way  down  to  the  silloon  dioxide  layer.  The  develop 
portion  of  the  schedule  was  similar  to  La  Vole's,  and  gave  consistent 
results  (6:15). 

With  establishment  of  a  standard  schedule  for  use  of  positive  PR, 
work  began  on  using  this  process  over  a  polylnide  layer.  The  polylnlde 
used  was  PI-2555  by  Dupont  (see  Appendix  B).  In  its  original  form, 
PI-2555  is  a  polyamio  acid  solution  which  converts  to  polylnlde  when 
exposed  to  heat  (16:1).  To  enhance  adhesion  of  the  polylnlde  layer  to 
the  wafer,  Dupont  recommends  use  of  its  adhesion  promoter,  VM-651 , 
before  applying  the  polylnlde.  The  VM-651  must  be  reduced  by  adding 
one  drop  of  VM-651  to  a  299  ml  mixture  of  95%  methanol  and  5%  deion¬ 
ised  water  (DIV).  This  solution  must  normalise  for  12  hours  prior  to 
use,  then  be  discarded  after  20  days  (16:1).  Hensley  and  Denton  did 
not  use  this  adhesion  promoter  in  their  work.  However,  La  Vole  found 
that  adhesion  is  definitely  enhanced  (6:61-67)  and  pinhole  defects 
reduced  (6:45)  when  the  VM-651  Is  used. 

All  runs  with  polylnlde  (both  positive  and  negative),  used  steps  1 
through  9  exactly  as  outlined  in  Schedule  #2,  Appendix  A.  This  part  of 
the  sohedule  duplicates  the  schedule  used  by  La  Vole  (6:21-22).  Except 
for  one  wafer,  all  runs  used  unthlnned  polylnlde  to  obtain  maximum 


thickness.  The  thinned  polyimlde  run  (thinned  4:1  PI  2555  to  Dupont 
T-9935  Thinner)  resulted  In  an  unusually  large  number  of  pinhole 
defects.  This  agrees  with  La  Vole's  results  In  pinhole  defect  tests 
(6:49-51 )• 

In  an  attempt  to  obtain  satisfactory  results,  some  variations  were 
made  in  steps  Id  through  18.  Unfortunately,  none  of  the  variations 
were  completely  successful.  Kearly  all  runs  resulted  in  uneven  devel¬ 
op/etch  rates  across  the  wafer.  This  is  due  to  the  A2351  being  both 
developer  for  the  positive  PR  and  etchant  for  the  polyimlde.  As  the 
AZ351  develops  through  the  PR,  It  begins  etching  the  polyimlde.  There¬ 
fore,  when  the  pattern  Is  fully  developed,  some  (but  not  all)  of  the 
polyimlde  has  already  been  etched. 

In  a  similar  manner,  when  the  polyimlde  Is  etched,  the  AZ351  contin¬ 
ues  to  destroy  the  PR  layer.  This  results  In  photoresist  lifting  and 
deterioration  of  the  pattern.  La  Vole  had  similar  difficulties  with 
the  uneven  etch  rates. 

In  an  attempt  to  balance  out  the  etch  rates  of  the  develop  and  etch 
processes,  a  number  of  steps  were  varied:  PR  develop  time,  postbake 
temperature,  etch  time,  and  type  of  etchant.  The  photoresist  develop 
times  were  varied  in  an  attempt  to  get  a  fully  developed  pattern  with¬ 
out  etching  the  polyimlde.  Times  as  low  as  15  seconds  of  AZ551  result¬ 
ed  in  sharp,  barely  visible  patterns.  Additional  develop  time  etched 
holes  in  the  exposed  polyimlde,  randomly  across  the  wafer,  as  well  as 
blooming  of  the  pattern  edges  (overdeveloped).  This  occurred  whether 
the  wafer  was  developed  on  a  spinner  (at  1  krpm)  or  in  an  AZ551  bath. 

To  prevent  overdeveloped  patterns,  a  minimum  develop  time  was 
tried.  This  was  followed  by  a  postbake  to  harden  the  photoresist.  The 
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temperature  ranged  from  79°  C  for  30'  minutes  to  150®  C  for  3*  min¬ 
utes.  In  the  ease  of  the  lover  temperature,  there  did  not  appear  to  be 
any  difference  In  the  ability  of  the  PR  to  stand  up  to  the  etch.  At 
150°  C,  neither  the  polyimide  nor  PR  oould  be  etched.  A  compromise 
temperature  of  100°  C  for  20  minutes  shoved  the  most  promise,  but  it 
was  still  impossible  to  etch  the  polyimide  vlthout  lifting  off  the 
photoresist  first. 

The  postbake  toughened  up  the  polyimide,  requiring  an  Increased 
etch  time.  Some  etch  times  over  seven  minutes  long  had  no  effect  on 
the  polyimide  after  a  100°  C  postbake.  Different  poljrlmide  etching 
solutions  vere  also  attempted.  Various  concentrations  of  AZ351  and 
NH4OH  (ammonium  hydroxide),  ranging  from  full  strength  to  a  10:1  mix¬ 
ture,  vere  used  also.  The  full  strength  etchants  normally  etched  at 
the  expense  of  photoresist  pattern.  The  veaker  etchants  vould  not 
etch. 

After  repeated  failures,  the  positive  photoresist  process  vas  aban¬ 
doned.  It  appears  the  veak  link  in  the  process  is  the  positive  PR.  It 
is  Impossible  to  toughen  the  positive  PR  vlthout  also  toughening  the 
polyimide.  Therefore,  any  etchant  that  affects  the  positive  PR  vill 
destroy  the  pattern  as  it  etches  the  polyimide.  Hovever,  one  step  not 
varied  vas  the  exposure  time.  The  exposure  time  vas  based  on  the  init¬ 
ial  photoresist-only  vafers.  The  exposure  time  is  related  to  the 
reflectivity  of  the  vafer's  surface.  A  decrease  in  this  reflectivity, 
such  as  adding  a  polyimide  layer  underneath  vould  cause,  may  require  a 
longer  exposure  time.  This  longer  exposure  vill  weaken  the  PR  in  those 
areas  to  be  etched,  at  least  allovlng  an  easier  develop.  Hovever, 
there  is  no  Insurance  the  PR  vill  still  be  capable  of  vithstandlng  the 


etchant.  Therefore,  an  alternative  proeees,  negative  photoreeiet.  vas 
attempted. 

Negative  Photolithography 

Since  Hensley  and  Denton  had  proven  the  aucceee  of  negative  PR. 
thle  method  vas  used  next.  The  schedule  developed  for  this  process  vas 
based  on  both  La  Vole's  vork  (6:17:18)  as  veil  as  that  of  Hensley  and 
Denton  (5:C-1  -  C-2).  All  practice  vas  done  using  both  polylnlde  and 
negative  PR  to  obtain  Schedule  #3  of  Appendix  A.  The  primary  differ¬ 
ence  betveen  the  negative  and  positive  photolithography  processes  Is 
the  chemicals  required  for  developing.  Vhlle  the  developer  of  the 
positive  process  also  etches  the  polylmide.  the  negative  PR  developers 
have  no  affect  on  the  polylmide.  Therefore,  the  etching  process  Is 
Independent  of  the  developing  process. 

Cleaning,  application  of  the  polylnlde  coating,  and  prebake  proce¬ 
dures  remained  exactly  as  in  the  positive  PR  schedule.  The  negative 
photoresist  application  schedule  remained  constant  vith  all  the  3-lnch 
wafers  tested,  but  the  exposure  times,  develop  times,  postbake  time  and 
temperature,  and  etch  times  vere  varied. 

Negative  photoresist  exposure  times  are  normally  much  less  than 
those  used  vith  positive  photoresist.  The  time  exposed  to  ultraviolet 
light  ranged  from  2  to  10  seconds.  The  greater  the  exposure  time,  the 
tougher  the  PR.  The  2  second  exposure  resulted  in  a  veil  defined  pat¬ 
tern,  but  It  lifted  and  wrinkled  during  etching.  Times  of  4.3,  8,  and 
10  seconds  all  had  good  results.  The  4.3  second  exposure  time  vas 
chosen  since  It  had  proven  suooessful  for  Hensley  and  Denton. 

The  developers  used  on  the  negative  PR  vere  xylene  (for  develop) 
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tad  butyl  acetate  (for  atop).  The  variations  of  the  develop  times 
ranged  from  20  to  35  seconds  of  xylene.  Both  spinning  and  bath  methods 
were  used.  All  times  resulted  in  acceptable  patterning,  but  those 
developed  for  longer  periods  were  more  easily  undercut  during  the  etch- 
ing  process.  Using  the  spin  develop  method  for  29  seconds  gave  an 
excellent  pattern  which  appeared  to  "V"  in  toward  the  center.  This 
pattern  was  not  as  severely  affected  by  undercutting. 

Variations  of  the  postbake  time  and  temperature  ranged  from  no  post¬ 
bake  up  to  120°  C  for  20  minutes.  With  no  postbake,  the  PR  was  vul¬ 
nerable  to  undercutting  during  etching.  Both  100°  C  and  120°  C 
postbakes  had  satisfactory  results,  with  the  higher  temperature  showing 
a  higher  resistance  to  damage  during  etching. 

The  most  difficult  time  to  optimise  is  the  etching  time.  The  etch¬ 
ant  used  was  AZ351  mixed  as  in  the  positive  photolithography  process. 
The  etching  time  necessarily  varies  as  the  other  steps  in  the  photolith¬ 
ography  process  vary.  A  low  exposure  time  or  high  develop  time  could 
result  in  a  weakened  PR  layer,  necessitating  a  smaller  etch  time.  High¬ 
er  postbake  times  and  temperatures  toughen  not  only  the  PR  layer,  but 
the  polyimlde  layer,  too.  This  requires  a  longer  etch  time.  Normally, 
over-etching  will  cause  an  undercutting  as  the  etchant  removes  poly¬ 
imlde  beneath  the  PR  layer,  without  harming  the  the  pattern.  If  the 
undercutting  becomes  too  extensive,  the  PR  layer  can  tear  away.  Etch 
times  began  as  low  as  3  seconds.  This  amount  of  time  was  never  enough 
to  fully  etch,  but  allowed  an  estimation  of  additional  etch  time  after 
observation  under  a  microscope.  Under  most  variations,  a  5-second  etch 
had  the  best  results. 

Upon  obtaining  a  satisfactory,  repeatable  schedule,  its  ability  in 


Figure  10.  Results  of  Applying  Poly ini de  to  an  Uncured  Surface 

processing  additional  coats  was  determined.  The  negative  PR  layer  was 
not  removed  from  the  polyimide  layer  because  it  would  probably  remove 
the  polyimide  layer  also  (6:21). 

Prior  to  adding  another  coat,  the  polyimide  was  cured  using  the 
same  time  and  temperature  as  Hensley  and  Denton:  120°  C  for  20  min¬ 
utes.  This  was  done  immediately  after  etching.  After  removal  from  the 
oven,  the  adhesion  promoter  and  polyimide  were  applied  as  usual,  with 
unexpected  results.  The  photoresist  layer  was  completely  washed  from 
its  pattern  and  scattered  around  the  wafer.  Further  testing  on  an  iden¬ 
tically  prepared  wafer  showed  that  even  a  drop  of  polyimide  on  the  post- 
baked  PR/polylmide  surface  caused  cracks  throughout  the  pattern,  as 
shown  in  Figure  10.  The  cracks  were  in  the  postbaked  polyimide  layer 
beneath  the  PR.  The  PR  layer  on  the  first  wafer  had  washed  away  due  to 
extensive  cracking  of  the  polyimide  below  it.  It  appeared  a  final  cure 
was  probably  required  prior  to  an  additional  coat  of  polyimide.  Using 


a  1 89°  c  cure  for  2  hours,  a  second  coat  was  successfully  applied. 

Individual  Chips 

After  establishing  the  schedule  for  3-lnch  practice  wafers.  It  was 
applied  to  the  Individual  chips.  However,  after  applying  the  practice 
schedule  to  a  number  of  chips.  It  was  evident  that  some  modification 
was  required.  The  else  of  the  chips  Introduced  new  problems  which  were 
eventually  overcome.  Additionally,  a  method  of  removing  the  PR  between 
layers  was  found.  Some  of  the  problems  required  modifications  to  equip¬ 
ment.  These  will  be  discussed  In  Chapter  T. 

When  Schedule  #5  (Appendix  A)  was  applied  to  a  single  chip  (measur¬ 
ing  9/32  Inches  by  9/32  Inches),  It  failed  to  produce  a  satisfactory 
developed  pattern  or  an  acceptable  etch.  The  first  problems  noted  were 
In  the  Initial  layer  of  both  the  negative  PR  and  the  polyimide.  A  sig¬ 
nificant  build-up,  a  meniscus,  occurred  on  the  edges  of  the  chip.  This 
happened  with  both  the  polyimide  and  the  PR.  A  slower  spin  speed  dur¬ 
ing  application  of  the  polyimide  thickened  the  meniscus,  while  a  faster 
speed  resulted  In  a  very  minor  reduction  of  It.  The  PR  was  affected 
similarly,  but  its  thickness  was  much  more  noticeable.  This  may  have 
been  due  to  a  compounding  affect  from  the  polyimide  meniscus.  There 
did  not  appear  to  be  any  way  to  eliminate  this  meniscus,  and  It  was  the 
probable  cause  of  the  abnormally  developed  pattern  of  the  PR. 

When  the  PR  was  developed,  a  bubbling  occurred  throughout  the 
layer.  This  bubbling  was  most  pronounced  on  the  edges  of  the  chip, 
where  the  meniscus  occurred,  as  can  be  seen  In  Figure  11.  However, 
bubbling  also  appeared  randomly  across  the  chip.  Initially,  it  seemed 
the  polyimide  was  being  affected  by  the  developing  chemlcale.  Further 


Figure  11.  Bubbling  Effect  on  Edge  of  Chip  During  Developing 


Figure  12.  Tearing  of  Negative  Photoresist  Pattern  on  Edge  of  Chip 


tests  shoved  the  bubbling  was  restricted  to  the  PR  material  only;  the 
poljrlmlde  layer  was  Intact.  As  these  chips  were  etched,  the  PR  pattern 
vould  tear  away  on  the  edges,  while  the  interior  pattern  etched  normal¬ 
ly  (see  Figure  12).  Since  the  bubbles  occurred  primarily  on  the  edges. 
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it  was  felt  the  meniscus  was  responsible.  It  appeared  the  thickness  of 
the  meniscus  prevented  a  satisfactory  drying  of  the  PR  as  well  as  allow¬ 
ing  the  developing  chemicals  to  enter  under  the  outer  edges,  weakening 
the  PR.  When  etched,  the  weakened  PR  would  then  give  away. 

to  obtain  better  results,  it  was  obvious  the  effects  of  the  menis¬ 
cus  must  be  reduced.  Increasing  spin  speed  was  not  enough.  In  an 
attempt  to  break  down  the  invisible  barrier  holding  the  polylmlde  to 
the  edge  (surface  tension),  polylmlde  was  puddled  on  the  chip  until  it 
flooded  over  the  edges  onto  the  spinner's  chuck  holding  the  chip.  This 
broke  the  barrier  and  significantly  reduced  the  meniscus.  This  proce¬ 
dure  was  also  followed  with  the  negative  PR.  In  addition,  the  spin 
speed  and  prebake  temperature  were  Increased  for  the  PR.  The  Increased 
speed  slightly  reduced  the  PR  thickness,  and  the  Increased  temperature 
during  prebake  Insured  the  PR  was  thoroughly  dried.  When  the  chip  was 
developed,  there  was  no  longer  any  bubbling  effect.  A  slight  defect 
occasionally  appeared  on  the  edges,  but  the  increased  prebake  tempera¬ 
ture  strengthens  the  edges  and  a  decrease  in  develop  time  prevents  a 
weakening  of  the  PR. 

The  developed  pattern  was  now  acceptable,  but  a  problem  existed 
with  the  etching  process.  Due  to  the  postbake,  the  polylmlde  required 
at  least  8  seconds  to  etch  fully.  This  length  of  time  often  undercut 
the  pattern.  The  polylmlde  seemed  to  be  toughen  more  than  the  PR  pat¬ 
tern  during  the  postbake.  The  postbake  was  dropped  and  the  etch  time 
decreased.  The  result  was  an  excellent  pattern  which  stood  up  to  a 
full  etch. 

The  revised  schedule  produced  multiple  layers  of  polylmlde  with 
excellent  results.  However,  the  negative  PR  layer,  with  its  occasional 
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defects,  remained  between  each  layer.  During  a  cleaning  of  an  encapsu¬ 
lated  chip,  it  was  discovered  that  light  scrubbing  with  acetone  would 
removed  hard  baked  negative  photoresist  without  damaging  the  polyimide. 

As  long  as  the  polyimide  had  cured  for  2  hours  at  150°  C,  the  PR 
could  be  stripped  successfully.  This  was  Incorporated  into  the  revised 
schedule  which  appears  as  Schedule  #4  in  Appendix  A. 

Addition  of  Silver  Electrodes 

A  properly  encapsulated  chip  will  protect  the-chip's  circuitry  from 
the  CSF.  However,  the  exposed  portions  on  the  chip,  the  aluminum  elec¬ 
trode  pads  in  the  array,  may  react  with  the  saline  environment,  possi¬ 
bly  affecting  the  brain's  normal  functions.  Therefore,  a  method  of 
protecting  the  brain  from  the  aluminum  pads  was  needed.  The  solution 
was  to  cover  the  pads  with  a  material  often  used  in  vivo:  silver. 

The  addition  of  silver  on  aluminum  is  common  in  fabrication  of  inte¬ 
grated  circuits.  However,  this  is  usually  done  during  manufacture  of 
the  circuit.  This  metallisation  process  consists  of  using  photolitho¬ 
graphy  to  develop  a  pattern  in  a  photoresist  layer  on  the  IC,  then,  in 
a  vacuum,  evaporating  the  metal  onto  the  surface.  The  photoresist  is 
then  stripped,  leaving  the  metal  only  in  the  exposed  pattern.  The 
wafer  must  then  be  annealed  at  450°  C  to  set  the  metal  permanently 
into  the  IC.  Vhen  using  both  aluminum  and  silver,  the  aluminum  is 
evaporated  first,  followed  by  the  silver.  This  is  done  without  break¬ 
ing  the  vacuum  in  the  evaporator  to  prevent  the  grovth  of  an  oxide  on 
the  aluminum  (aluminum  oxide). 

81nce  the  brain  chip  already  contains  aluminum  pads,  an  attempt  was 
made  at  adding  silver  only  to  the  pads.  The  only  concern  was  the 


III-12 


pre-existing  aluminum  oxide  coating  on  the  pads.  The  aluminum  oxide 
serves  as  an  insulator  and  may  prevent  the  silver  from  contacting  the 
aluminum.  Although  the  oxide  could  be  removed,  this  could  not  be  done 
In  the  same  vacuum  as  the  metallisation  vas  to  be  done  with  the  equip¬ 
ment  available.  If  done  outside  the  vacuum,  the  layer  vould  grow  back 
before  a  vacuum  could  be  established.  However,  discussion  with  Mike 
Sopko,  who  was  fabricating  a  JFET  version  of  this  chip  In  a  related 
thesis  (reference  17),  led  to  the  belief  that  silver  would  migrate 
through  the  oxide  into  the  aluminum,  especially  during  the  anneal. 

Schedule  #5  in  Appendix  A  was  used  to  apply  the  PR  to  the  chip. 
Positive  PR  was  used  since  it  is  easy  to  remove  after  metallisation 
with  little  effect  on  the  metal.  The  schedule  was  developed  from  dis¬ 
cussions  with  Sopko,  since  he  used  positive  PR  exclusively  throughout 
his  fabrication  process.  Two  chips  were  patterned  using  Schedule  #5, 
then  placed  into  the  evaporator.  A  1500  angstrom  layer  of  silver  vas 
deposited  on  the  aluminum  pads.  However,  when  the  PR  was  stripped,  all 
of  the  metal  lifted.  The  silver  apparently  vould  not  attach  onto  the 
aluminum  oxide. 

A  second  attempt  vas  made  at  metallisation.  In  this  attempt,  both 
aluminum  and  silver  would  be  deposited,  as  is  usually  done  in  fabrica¬ 
tion.  Since  aluminum  oxide  readily  attaches  itself  to  aluminum,  it  vas 
felt  that  deposited  aluminum  vould  attach  itself  to  the  oxide.  This 
new  layer  of  aluminum  would  then  accept  the  silver. 

Four  chips  were  prepared  using  Schedule  #5,  then  placed  into  the 
evaporator.  After  establishing  a  vacuum,  1000  angstroms  of  aluminum 
were  deposited,  followed  by  1500  angstroms  of  silver.  These  thickness¬ 
es  were  the  same  as  those  used  by  Sopko  in  his  thesis.  Vhen  the  PR  vas 


removed,  the  metal  remained.  An  anneal  at  500°  C  for  10  minutes  was 


done  to  set  the  metal,  as  well  as  drive  the  silver  and  aluminum  into 
the  original  aluminum  pads. 

The  addition  of  silver  appears  to  be  suoeessful.  The  only  question 
that  remains  is  the  effect  the  aluminum  oxide  max  have.  Time  prevented 
a  test  of  the  chips  with  silver  electrodes  to  determine  any  additional 
impedance  which  may  be  present.  If  the  aluminum  and  silver  did  not 
drive  through  the  oxide,  there  will  be  a  capacitive  effect  caused  by 
the  insulating  layer.  This  should  be  tested  in  any  follow-on  work. 

Integration  of  Array  and  Package 

Vlth  successful  encapsulation  of  the  brain  chip  completed,  it  had 
to  tr  packaged  to  test  for  its  ability  to  protect  the  chip.  Two  types 
of  packaging  were  accomplished  for  testing.  The  initial  testing  would 
be  done  in  a  64-pin  IC  package  due  to  the  relative  ease  in  constructing 
this  type  of  package.  The  final  testing,  as  well  as  the  final  product, 
would  be  in  the  package  designed  in  Chapter  II.  Both  types  of  packag¬ 
ing  are  described  here.  The  actual  testing  is  described  in  Chapter  IT. 

64-Pin  Packaging.  The  64-pin  IC  package  was  chosen  as  a  package 
for  the  brain  chip  due  to  the  number  of  pins  available.  The  control 
circuitry  on  the  chip  must  be  bonded  to  the  package  to  operate  the 
chip.  In  addition,  some  electrodes,  output  columns,  and  row  pads  must 
be  connected  to  allow  monitoring  of  the  chip  for  correct  operation. 
However,  none  of  the  bond  wires  must  cross  the  array  if  the  package  is 
to  be  tested  in  a  saline  environment.  This  is  because  all  the  elec¬ 
trodes  must  be  completely  exposed  to  the  saline  environment  during  the 
test.  The  40-pln  IC  package  does  not  allow  this,  but  the  64-pin 


package  does.  The  specific  wiring  of  the  64-pln  package  is  not  criti¬ 
cal.  but  the  following  should  be  bonded  to  the  package  (refer  to  Figure 
1): 

1 )  QND  -  for  input 

2)  PHI2  (12)  -  to  monitor  2-phase  clock 

5)  PHI1  (SI)  -  to  aonitor  2-phase  clock 

4)  CLK  -  for  aaster  clock  input 

5)  SYI  -  for  input  (aust  be  low  for  chip  to  work) 

6)  C82  -  CSS  -  for  count  selector  input 

7)  T83  -  TSS  -  aonitor  counter /input  count 

8)  COM  -  an  input  to  control  tri-state  (TS)  pads  for 

Input/output 

9)  SYO  -  to  aonitor  synch  out  pulse 

IS)  VDD  -  for  input 

11)  ROWS  -  at  least  4  rows  (1,  5*  9.  and  13)  to  aonitor 

multiplexer  output 

12)  OUTPUTS  -  as  desired  to  monitor  Inputs  to  electrodes 

13)  ELECTRODES  -  at  least  one  on  each  wired  output  column 

After  bonding  the  ohlp,  it  should  be  functionally  tested,  as  in 
Chapter  IV.  The  bond  wires  must  then  be  protected  prior  to  saline 
testing.  Like  the  chip's  circuitry,  the  wires  and  the  pads  they  are 
bonded  to  must  be  protected  froa  the  sodium  ions.  This  can  be  accom¬ 
plished  by  spreading  polyimlde  over  the  wires,  package  pads,  and  bond¬ 
ing  pads,  then  curing  it.  However,  the  shrinkage  rate  of  polyimlde 
necessitates  additional  protection. 

Polyimlde  has  a  high  rate  of  shrinkage  during  the  cure  process. 
Thick  coats,  as  those  applied  by  hand,  are  capable  of  breaking  bond 
wires  (11:6).  Different  cure  schedules  were  used  in  an  attempt  to  mini¬ 
mise  the  effects  of  shrinkage.  Bephasls  was  placed  on  slow  cures, 
using  30  minute  cures  at  70°  C,  120°  C,  and  130°  C,  prior  to  the  2 
hour,  180°  C  full  cure.  However,  all  attempts  resulted  in  numerous 
broken  wires. 

To  prevent  the  polyimlde  shrinkage  froa  breaking  the  wires,  epoxy 
was  applied  to  the  wires.  The  epoxy  was  carefully  potted  on  the  pads. 


then  built  up  to  cover  the  vires  completely.  Care  was  taken  to  prevent 
the  epoxy  froa  running  onto  the  array*  After  the  epoxy  vas  fully 
cured,  polylalde  vas  applied  by  hand  over  it.  A  high  temperature  epoxy 
aust  be  used,  since  the  polyiaide  aust  be  cured  at  180°  C. 

The  first  epoxy  used  vas  a  coaaerclal  brand  readily  available  at 
drug  stores.  Rated  at  500°  F  (150°  C),  it  softened  at  180°  C, 

allowing  the  polylalde  to  break  the  vlree.  However,  the  second  epoxy, 
EpoTek  H70E,  seemed  to  remain  solid  during  the  polyimide  cure,  holding 
the  vires  in  place. 

After  the  polylalde  (over  epoxy)  has  fully  cured,  the  package 
should  be  inspected  to  insure  full  coverage.  All  bonding  pads  on  the 
chip  and  the  package  must  be  covered,  as  well  as  the  epoxy.  The  64-pln 
package  is  now  ready  for  testing. 

Implantable  Device  Packaging.  Integrating  the  brain  chip  to  the 
Implantable  package  la  not  as  simple  as  the  64-pln  package  integration. 
This  is  due  to  the  number  of  vires  in  a  small  area  (the  cylinder).  The 
vires  must  be  bonded  to  the  chip  on  one  end  and  soldered  to  the  connec¬ 
tor  on  the  other. 

The  implantable  device  is  made  basically  froa  the  design  in  Chapter 
II.  The  differences  are  in  the  preparation  of  the  vires  and  the  epoxy 
surface .  Instead  of  labeling  the  vires  with  numbers,  different  colored 
vires  should  be  used.  The  taped  labels  decompose  at  high  cure  tempera¬ 
tures,  falling  off  the  wire  and  leaving  a  sticky  residue.  The  colors 
should  be  ordered  in  a  recorded  pattern  to  distinguish  them  froa  each 
other  by  color  Instead  of  numbers.  After  epoxy ing  the  vires  in  place, 
the  bottom  vas  sanded  with  four  varying  grits  of  vet  sandpaper.  The 
sanding  vas  done  with  waterproof  grits  of  200,  220,  280,  and  900. 


The  encapsulated  chip  was  attached  to  the  smooth  surface,  bonded, 
and  protected  with  epoxy  as  described  in  Chapter  II.  The  power/time 
settings  on  the  bonder  were  1.9/3  for  the  pads,  and  9.0/3  for  the  kynor 
wire  ends.  The  epoxy,  ae  well  as  the  polylmlde,  was  applied  while 
watching  through  the  low-power  ultrasonic  bonder  microscope.  This 
enables  precise  application  and  enhances  monitoring  of  possible  broken 
wires.  After  curing  the  protective  epoxy  layer,  the  surface  was 
cleaned  and  prepared  for  the  polyimide  covering  to  optimise  the  poly- 
lmide's  adhesion.  However,  it  appears  the  cleaning  chemicals,  as  well 
as  the  adhesion  promoter,  reaot  with  the  epoxy.  Specifically,  both 
acetone  and  methanol  soften  the  epoxy  surface,  and  it  easily  crumbles 
in  places. 

Since  adhesion  promoter  is  a  93%  methanol  solution,  it  has  similar 
effects.  Although  a  clean  surface  and  adhesion  promoter  enhance  adhe¬ 
sion  of  polyimide,  these  chemicals  may  weaken  the  epoxy  layer  over  the 
bond  wires  and  should  not  be  used. 

After  the  polyimide  was  applied  and  cured,  the  connector  was  at¬ 
tached  to  the  wires.  Since  only  one  connector  was  available  for  this 
thesis,  the  wires  were  not  shortened  and  the  square  mounting  flange  was 
not  cut  off.  The  connector  was  soldered  using  a  low  power  soldering 
iron  and  a  hea.  sink  on  the  chip  wires.  Care  must  be  taken  to  match 
the  correct  brain  chip  wires  to  the  correct  connector  wires.  Using  the 
colored  wires  aids  in  finding  the  right  wires  (see  Appendix  C).  The 
soldered  wires  were  insulated  with  black  electrician  tape. 

At  this  point,  an  insurmountable  problem  was  found.  Most  of  the 
wires  appeared  to  have  broken  their  bonds.  Although  the  EpoTek  H70E 
can  withstand  temperatures  as  high  as  300°  C  during  wire  bonding 


operations,  it  is  not  rated  for  high  temperatures  over  long  periods  of 
time.  During  the  poljimide  cure  (180°  C  for  2  hours),  many  of  the 
wires  separated  from  their  bonds  beneath  the  epoxy.  This  was  proven  by 
bonding  eight  pins  of  an  IC  package  to  the  L-BAR  of  a  brain  chip,  then 
applying  epoxy  and  polylmlde  as  above.  After  curing  the  epoxy,  only 
seven  pins  showed  continuity,  suggesting  possible  shrinkage  of  the 
epoxy.  After  fully  curing  the  polylmlde,  only  four  pins  still  showed 
continuity.  This  problem  is  insurmountable  only  in  this  thesis  due  to 
lack  of  time.  An  epoxy  capable  of  withstanding  the  2-hour,  180°  C 
cure  must  be  found,  or  another  method  of  protecting  the  delicate  bond 


wires  determined. 


IV.  Testing  of  the  Encapsulated  Am 


The  purpose  of  the  polylmide  encapsulation  of  the  arrajr  Is  to  pro¬ 
tect  It  from  the  corrosive,  sallne-llke  environment  of  the  cerebro¬ 
spinal  fluid  (CSF).  Although  polylmide  has  successfully  protected  an 
integrated  circuit  from  the  CSF  (see  reference  5).  a  new  integrated 
circuit,  new  processing  schedule,  and  new  package  are  being  used. 
Therefore,  the  polylmide  encapsulation  must  again  be  tested  to  Insure 
these  changes  have  not  affected  the  polylmide 's  ability  to  protect  or 
the  chip's  functionality. 

The  4X4  array,  which  did  survive  the  CSF,  uses  JFET  technology, 
and  has  silver  electrodes.  The  16  X  16  array  is  HMOS  technology,  and 
has  aluminum  contacts.  Therefore,  the  ability  of  a  polylmlde- 
encapsulated  HMOS  circuit  to  survive  the  CSF  must  be  tested.  In  addi¬ 
tion,  any  variations  in  the  chip’s  performance  due  to  exposed  aluminum 
contacts  must  also  be  ascertained. 

The  4  X  4  array  package  consisted  of  a  silicon  square  covered  with 
polylmide.  The  new  package  contains  the  chip,  epoxy,  and  polylmide, 
within  a  stainless  steel  cylinder.  The  ability  of  this  new  package  to 
withstand  the  CSF  must  also  be  determined. 

To  accomplish  the  testing,  a  versatile  test  set-up  was  established. 
This  set-up  is  used  throughout  most  of  the  testing.  Testing  of  the  new 
brain  chip  is  accomplished  in  two  steps.  Initial  circuit  testing  is 
done  in  a  64-pin  Integrated  circuit  package.  Final  testing  is  then 
done  in  the  implantable  package  described  in  Chapter  II  and  Chapter 
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Test  Equipment  Set-up 

The  teat  set-up  used  In  most  of  the  testing  allowed  dynamic  changes 
of  the  Inputs  as  well  as  easy  monitoring  of  the  outputs.  The  equipment 
used  included  an  elite  board,  an  eighttrace  oscilloscope,  a  sine-wave 
generator,  and  a  simulated  "brain".  An  additional  test  set-up,  used 
for  the  final  test.  Included  external  TTL  circuitry  to  replace  the 
chip’s  control  circuitry. 

Elite  Board.  The  elite  board  was  used  to  provide  control  connec¬ 
tions  to  the  "brain”  chip,  as  well  as  points  for  monitoring  the  out¬ 
puts.  The  board  included  a  clock,  variable  from  Iff  Hz  to  1  MHz,  a  +5 
volt  power  supply,  and  four  switches,  allowing  selection  of  4-5  volts  or 
0  volts  (OND). 

The  64-pin  package  fit  easily  onto  the  breadboard  strip  of  the 
elite  board.  Power,  ground,  and  clock  connections  were  made  to  the 
chip  as  described  later  in  Circuit  Testing.  The  clock  was  set  to  1 
KHz.  Three  switches  were  wired  to  the  chip’s  count  select  inputs  (CS0 
-  CS2),  allowing  easy  change  to  these  Inputs.  Vire  leads  were  con¬ 
nected  to  most  of  the  pins  to  allow  easy  access  to  the  oscilloscope, 
for  monitoring  any  of  the  signals.  These  leads  were  labelled  with  the 
function  of  the  pin,  enabling  quick  location  of  the  various  pins. 

Oscilloscope.  The  oscilloscope  used  allowed  monitoring  of  up  to 
eight  Inputs  simultaneously.  Inputs  were  connected  via  coaxial  cable 
with  a  BMC  connector  at  the  oscilloscope  end  and  two  clips  at  the  cir¬ 
cuit  end.  normally,  the  counter  outputs  (TS0  -TS5),  row  outputs  (ROW), 
and  column  outputs  (OUTPUT)  were  monitored.  In  addition,  sine  wave 
input  to  the  chip  was  also  monitored. 

Sine-Wave  Generator.  A  Vavetek  oscillator  provided  the  sine  wave 
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Input  to  the  chip.  This  Input  was  variable  from  0  Hz  to  100  KHz.  How¬ 
ever,  the  frequency  was  kept  between  1  and  5  KHz.  The  output  of  the 
Vavetek  was  Input  Into  the  oscilloscope,  the  chip,  and  the  simulated 
"brain" . 

Simulated  "Brain".  The  simulated  "brain"  provided  the  test  environ¬ 
ment  for  in  vitro  testing.  Its  purpose  was  to  closely  replicate  the 
corrosive  environment  of  the  CSF.  The  simulated  "brain",  shown  in 
Figure  1?,  consisted  of  folded  tissue  paper  soaked  in  a  0.9%  solution 
of  sodium  chloride  (NaCl).  Leads  from  the  Vavetek  sine-wave  generator 
were  attached  to  opposite  ends  of  the  tissue,  and  a  sine  wave  signal 
fed  across  it.  An  additional  wire,  attached  to  the  center  of  the 
tissue,  was  connected  to  the  oscilloscope  to  monitor  the  simulated 
"brain”  signal.  VI th  a  26  millivolt  peak-to-peak  signal  applied  to  the 
tissue,  a  9  millivolt  simulated  "brain"  signal  was  produced. 


Figure  14.  Test  Equipment  Set-Up 


Equipment  Integration.  To  form  the  test  set-up,  the  elite  board, 
with  the  brain  chip  in  place,  had  to  be  connected  to  the  oscilloscope, 
sine-wave  generator,  and  simulated  "brain"  (see  Figure  14).  Only  eight 
traces  can  be  monitored  at  a  time  on  the  oscilloscope.  However,  the 
oscilloscope  lead  wires  can  be  reattached  to  any  of  the  chip's  labelled 
lead  wires  at  any  time.  The  oscilloscope  is  used  not  only  to  sense  the 
existence  of  a  signal  on  a  particular  pin,  but  to  measure  its  voltage 
and  frequency  as  well.  TTL  voltages  were  measured  on  the  5  volts/div 
scale,  while  "brain"  signal  voltages  were  measured  on  the  0.02 
volts/div  scale  (the  minimum  setting).  On  the  minimum  setting,  noise 


from  the  overhead  fluorescent  lights  and  the  high  capacitance  of  the 
oscilloscope  resulted  In  difficulty  reading  the  display.  Therefore,  to 
interface  the  chip's  output  signals  to  the  oscilloscope,  a  47  kilo-ohm 
resistor  was  inserted  between  each  "brain"  signal  output  pin  and  QND  on 
the  elite  board.  The  oscilloscope  is  triggered  by  the  synch  out  pulse. 
8Y0,  of  the  brain  chip. 

The  Vavetek  sine-wave  generator  has  lead  wires  to  both  the  oscillo¬ 
scope  and  the  simulated  "brain".  The  simulated  "brain"  connection  must 
remain  throughout  the  test  to  drive  the  signals  on  the  "brain",  but  the 
lead  to  the  oscilloscopecan  be  disconnected.  Its  primary  purpose  is  to 
adjust  the  output  of  the  Vavetek  prior  to  initiating  the  test. 

The  simulated  "brain"  must  be  connected  to  the  Vavetek,  oscillo¬ 
scope,  and  the  electrodes  of  the  brain  chip.  The  Vavetek  provides  the 
input,  and  the  oscilloscope  allows  measurement  and  monitoring  of  the 
simulated  "brain"  signals.  Connection  between  the  brain  chip  and  the 
simulated  "brain"  can  be  established  in  two  ways:  through  a  direct 
connection  to  any  electrodes  bonded  to  the  64-pln  package,  and  through 
surface  contact.  The  direct  aids  in  verifying  operation  of  the  elec¬ 
trode  circuitry  without  subjecting  it  to  the  possibly  harmful  simulated 
"brain".  However,  normal  connection  between  the  chip  and  simulated 
"brain"  is  through  the  actual  contact  of  the  simulated  "brain"  with  the 
electrodes.  This  is  accomplished  by  pressing  the  simulated  "brain" 
into  the  well  of  the  64-pin  package,  or  by  turning  the  package  upside 
down  onto  the  simulated  "brain". 

Alternative  Test  Bet-up.  Due  to  the  difficulty  in  fabricating  a 
completely  working  package,  an  alternative  test  set-up  was  required  to 
test  the  working  portion  of  an  encapsulated  brain  chip.  Due  to  broken 


wires  Inside  the  package,  the  control  circuitry  was  completely  inopera¬ 


tive.  However,  since  the  ROW  and  OUTPUT  wires  remained  attached,  the 
chip  was  still  testable  to  some  degree.  Therefore,  using  TTL  integrat¬ 
ed  circuits,  a  counter  and  multiplexer  were  designed  to  drive  the  func¬ 
tioning  ROW  signals.  This  external  control  circuitry  consisted  of  one 
74193  4-bit  counter,  one  74155  two-to-four  decoder,  one  7404  hex  invert¬ 
ers,  and  one  7408  quad  2-lnput  AND  gates.  The  connections  between 
these  chips  is  shown  in  Figure  15.  Only  the  two  least  significant  out¬ 
puts  were  used  from  the  4-bit  counter,  since  only  four  ROW  wires  were 
used.  The  two  counter  outputs  were  input  into  the  74155  to  decode  one 
of  four  output  lines.  The  outputs  of  the  decoder  remain  high  until  one 
line  is  decoded.  Since  the  decoded  line  transitions  to  a  low,  it  must 
be  inverted.  Therefore,  the  decoder  outputs  are  inverted  in  the  7404. 

These  inverted  outputs  are  now  counting  pulses,  similar  to  the  out¬ 
puts  of  the  on-chip  multiplexer.  However,  their  pulse  width  is  too 
long.  Therefore,  these  pulses  are  ANDed  with  the  external  clock  driv¬ 
ing  the  counter.  This  clock's  pulse  vidth  can  be  narrowed,  giving 
distinct  output  pulses  to  the  ROWs. 

A  different  elite  board  was  used  in  this  test  set-up.  The  clock  on 
this  board  is  adjustable  in  frequency,  pulse  width,  and  amplitude.  The 
only  circuitry  on  the  elite  board  was  the  external  control  circuitry. 
The  encapsulated  brain  chip  was  external  to  the  elite  board,  and  resid¬ 
ed  in  a  petri  dish  containing  the  simulated  "brain".  The  interconnec¬ 
tions  between  the  brain  chip  package  and  elite  board  were  to  the  ROW 
and  OUTPUT  leads  on  the  package.  As  in  the  first  test  set-up,  47  kilo- 
ohm  resistors  were  placed  on  the  elite  board  from  the  OUTPUT  connection 
to  ground.  With  this  alternate  test  set-up,  a  previously  Inoperative 
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brain  chip  array  could  atill  be  tested. 


Circuit  Testing 

Initial  circuit  testing  was  done  in  the  64-pin  package  due  to  the 
ease  of  fabricating  such  a  package.  The  chip  only  needs  to  be  bonded 
to  the  package  and  the  exposed  wire  leads  coated  with  polylmlde.  The 
purpose  of  this  testing  is  to  insure  functionality  of  the  chip  in  a 
saline  environment.  Tests  in  the  64-pin  package  were  first  run  on  unen¬ 
capsulated  array  chips,  then  encapsulated  chips. 

Pnencapsulated  Array  Test.  An  unencapsulated  array  was  tested 
first.  An  unencapsulated,  cleaned  brain  chip  was  fastened  into  the 
well  of  the  package  with  double-sided  tape,  then  wire  leads  were  bonded 
from  the  chip  to  the  package.  These  lead  wires  connected  the  control 
circuitry,  the  output  pads,  and  some  electrode  contacts  to  the  pins  of 
the  package. 

The  connected  control  circuitry  Included  the  following  required 
connections  (refer  to  Figure  1):  VDD,  QND,  SYI,  CLK,  CON,  and  CS0  - 
CS2 .  In  addition,  other  connections  were  made  to  allow  monitoring  of 
the  control  circuitry's  operation.  The  two-phase  clock  outputs,  01  and 
02,  were  bonded  up  to  verify  proper  operation  of  the  clock  pad.  The 
synch  out  pulse,  monitored  through  SYO,  was  used  to  trigger  the  oscillo¬ 
scope  upon  completion  of  each  ROW  count.  To  check  correct  operation  of 
the  counter,  TS0  -  TS3  were  bonded.  Finally,  a  representative  number 
of  ROV  pads  were  bonded  to  check  proper  operation  of  the  multiplexer 
output . 

The  other  bonds  between  the  chip  and  package  were  to  a  representa¬ 
tive  number  of  output  pads  and  to  a  small  number  of  electrodes  in  the 


array.  When  a  ROW  pulse  le  high  (+5  volts),  any  signal  applied  to  an 
electrode  in  that  row  will  appear  at  the  output  pad  in  the  sane  column. 
The  electrode,  therefore,  is  the  source  of  an  NM08  transistor,  the  ROW 
pulse  is  the  gate,  and  the  output  pad  is  the  drain.  Some  of  the  elec¬ 
trode  pads  in  the  array  were  bonded  to  the  package  to  allow  an  external 
signal  to  be  Injected  into  the  array  through  the  pins  on  the  package. 
This  helps  Insure  proper  operation  of  the  transistors  in  the  array  with¬ 
out  exposing  the  chip  to  the  saline  solution.  Only  electrodes  on  the 
periphery  of  the  array  were  bonded  to  the  package  to  prevent  crossing 
other  electrodes  with  wire.  A  complete  wiring  diagram  of  the  unencap¬ 
sulated  array  chip  can  be  found  in  Appendix  C. 

After  bonding  the  unencapsulated  chip  to  the  package,  the  fragile 
bond  wires  were  completely  coated,  by  hand,  with  epoxy.  When  cured, 
the  epoxy  protects  the  wires  from  the  shear  pressure  caused  by  poly- 
lml de  shrinkage  during  polylmide  cure.  However,  the  epoxy  used  in  this 
thesis,  Epotek  H70E,  was  unable  to  withstand  the  high  cure  temperature 
of  the  polylmide,  and  allowed  some  wires  to  break  at  the  bonds.  Many 
of  the  wires  did  remain  attached,  though,  allowing  some  testing. 

When  the  epoxy  was  cured,  the  polylmide  (PI  2555)  was  applied,  by 
hand,  over  the  epoxy  and  around  the  chip.  Except  for  the  electrode 
array  and  surrounding  L-bar,  the  entire  chip  should  be  coated  with  the 
polylmide.  This  insures  the  sodium  ions  will  not  attack  any  part  of 
the  control  circuitry  or  lead  wires  through  the  epoxy.  The  polylmide 
was  cured  using  the  following  schedule:  20  minutes  at  70°  C;  50 
minutes  at  120°  C;  50  minutes  at  150°  C;  and  2  hours  at  180°  C. 

The  64-pln  package,  with  only  the  electrode  array's  drain-gate- 
source  circuitry  unprotected,  is  then  Inserted  into  the  elite  board. 


The  connections  ere  made,  as  described  earlier,  except  the  simulated 
"brain"  Is  not  jet  Inserted  Into  the  veil  of  the  package.  A  functional 
test  is  accomplished  to  determine  If  anj  vires  have  broken,  and  hov 
much  of  the  control  circultrj  still  vorks.  This  functional  test  checks 
the  ability  to  change  the  counter  output  (TS0  -  TS3 )  through  different 
combinations  of  the  count  select  inputs  (CS0  -  C82).  The  occurrence  of 
the  ROW  pulses  changes  as  the  count  select  Inputs  change  according  to 
Appendix  F  (page  F-8).  The  ROW  counts  vere  checked  to  ensure  that  all 
sixteen  rove  could  be  turned  on. 

Four  oscilloscope  leads  vere  then  attached  to  the  OUTPUT  columns  In 
vhich  Input  source  electrodes  vere  bonded  to  the  package.  Setting  up 
the  simulated  "brain"  In  a  petrl  dish,  the  sensing  vlre  to  the  oscillo¬ 
scope  is  connected  to  the  vired  electrodes.  The  output  of  the  vlred 
electrodes  should  appear  on  the  oscilloscope  only  vhen  the  associated 
ROV  pulse  Is  high. 

After  the  functional  test,  the  simulated  "brain"  test  vas  run. 
Since  the  saline-soaked  simulated  "brain"  Is  placed  Into  the  veil  of 
the  64-pln  package,  a  plastic  sheet  vas  placed  over  the  package  and 
elite  board  vlth  a  small  square  hole  cut  over  the  veil.  To  seal  the 
plastic  onto  the  package,  COAX-SEAL,  a  moldable  plastic  (Universal  Elec¬ 
tronics,  Inc),  vas  placed  on  both  sides  of  the  sheet  around  the  cut. 

For  the  unencapsulated  brain  chip  test,  a  video  camera  vas  set  up 
to  record  the  eight  traces  of  the  oscilloscope.  It  vas  felt  that  the 
chip  vould  fail  quickly  since  sodium  Ions  vere  to  be  placed  directly  on 
the  unprotected  array.  The  oscilloscope  vas  configured  to  monitor  the 
three  least  significant  outputs  of  the  counter  (TS0  -  TS2),  one  OUTPUT 
column,  R0V#3,  R0V#6,  the  Input  to  the  simulated  "brain,"  and  the 


output  of  the  simulated  "brain”.  The  count  selected  was  for  rows  1  - 

8. 

The  simulated  "brain"  was  then  placed  onto  the  electrodes.  VI thin 
0.25  seconds,  the  chip  failed  completely.  It  appeared  that  all  traces 
immediately  began  displaying  the  simulated  "brain"  signal  and  this  con¬ 
tinued  throughout  the  rest  of  the  test.  However,  later  observation  of 
the  recorded  video  in  slow  motion  showed  a  definite  pattern  of  failure. 
As  the  "brain”  was  placed  onto  the  electrodes,  the  "brain"  signal 
appeared  Immediately  on  the  OUTPUT  trace,  with  all  other  traces 
unchanged.  Approximately  51  milliseconds  later,  the  ROW  signals  began 
to  break  up  and  display  the  "brain"  signal  also.  After  approximately 
255  milliseconds,  the  counter  outputs  also  failed  and  displayed  the 
"brain”  signal. 

This  test  showed  the  NMOS  could  read  and  output  signals  through  the 
electrode  array.  Hovever,  it  demonstrated  how  quickly  sodium  ions  can 
destroy  the  electrical  workings  of  an  NMOS  circuit.  The  final  effect 
on  the  array  was  to  permanently  short  the  transistors  formed  by  the 
electrodes,  ROVs,  and  OUTPUT  columns.  Therefore,  it  is  imperative  the 
encapsulation  process  protect  each  of  the  256  electrode  array  transis¬ 
tors. 

Encapsulated  Array  Testing.  The  unencapsulated  array  test  showed 
the  importance  of  protecting  the  array.  Therefore,  a  brain  chip  was 
encapsulated,  packaged,  and  tested.  The  encapsulation  was  accomplished 
using  the  schedule  developed  in  Chapter  III.  Bonding  of  the  encapsulat¬ 
ed  chip  was  similar  to  the  unencapsulated  chip,  except  that  the  number 
of  wires  bonded  was  minimised.  The  bonding  diagram  appears  in  Appendix 


The  test  set-up  end  the  encapsulated  chip  packaging  were  Identical 
to  that  of  the  unencapsulated  chip  testing.  Functional  testing,  with¬ 
out  the  simulated  "brain",  was  again  accomplished,  and  the  chip  proved 
to  be  fully  operational. 

For  the  saline  test,  the  oscilloscope  was  set  up  to  monitor  the 
least  significant  bit  of  the  counter  (T80),  the  "brain"  chip  signal, 
the  R0V#1  pulse,  and  OUTPUTS  #1,  #2,  #8,  #15,  and  #16.  Using  the  R0V#1 
pulse  and  the  counter  output,  the  location  for  any  other  row  on  the 
OUTPUT  trace  can  be  determined.  The  simulated  "brain”  signal  was  input 
directly  into  some  of  the  electrodes  to  compare  differences  in  bonded 
and  unbonded  electrode  signal  pick-up.  The  simulated  "brain"  was  set 
up,  without  the  saline  solution,  in  the  well  of  the  package.  Using  an 
eyedropper,  the  saline  solution  was  added  onto  the  tissue,  and  signals 
immediately  appeared  on  the  oscilloscope. 

The  simulated  "brain"  signal  was  set  to  8  millivolts  peak-to-peak 
at  5  KHz.  The  chip  operated  normally,  except  that  only  the  bonded  elec¬ 
trodes  were  picking  up  the  signals  from  the  "brain".  The  level  of  the 
output  signal  from  these  electrodes  was  also  8  millivolts  peak-to- 
peak.  A  changing  bias  was  present  on  all  "brain”  signals,  going  from 
-20  millivolts  below  the  trace  when  the  saline  was  first  added  to  the 
tissue,  to  over  100  millivolts  above  the  trace  (off  the  oscilloscope) 
by  the  end  of  the  test.  The  bias  stabilized  often  at  +40  millivolts. 

Although  signals  appeared  on  the  electrodes  bonded  to  pins,  no  sig¬ 
nals  appeared  on  any  other  electrodes.  It  was  determined  that  the 
simulated  "brain"  was  not  really  in  contact  with  the  electrodes.  This 
easily  occurs  because  the  wires  attached  to  the  tissue  force  the  simu¬ 
lated  "brain"  up  out  of  the  well.  Therefore,  the  tissue  was  pressed 


Into  the  well.  As  the  "brain"  vaa  pressed  Into  contact  with  the  chip, 
signals  began  to  appear  at  other  locations  on  the  trace.  These  were 
from  the  electrodes  contacting  the  simulated  "brain",  and  they  measured 
from  1  to  4  millivolts  peak-to-peak.  The  DC  bias  on  these  signals 
varied  with  the  bonded  electrodes.  This  bias  increased  to  approximate¬ 
ly  100  millivolts  as  the  "brain"  was  pressed  against  the  chip,  and 
decreased  to  zero  millivolts  as  it  was  released.  The  peak-to-peak  sig¬ 
nal  strength  of  the  unbonded  electrodes  increased  and  decreased  similar¬ 
ly* 

The  signals  continued  in  a  varying  pattern  for  26  seconds  after 
pressing  the  tissue  into  contact  with  the  chip.  During  this  time,  the 
counter  trace  and  ROW  trace  functioned  normally.  After  26  seconds, 
though,  the  chip  failed,  and  all  traces  displayed  varying  levels  of  the 
"brain"  signal.  The  electrode  transistors  did  not  appear  to  short  as 
the  unencapsulated  array  electrodes  had  since  the  peak-to-peak  levels 
were  different  for  the  various  OUTPUTS  displayed.  Some  resistance  was 
present  between  the  electrodes  and  the  OUTPUT  pads.  It  was  not  obvious 
at  that  time  why  the  polyimide  had  not  protected  the  chip  longer. 

Under  microscopic  observation,  the  reason  for  chip  failure  became 
evident.  When  the  bond  wires  on  the  chip  had  been  coated  with  poly¬ 
imide,  a  small  area  over  the  counter  (top  left  corner  of  Figure  1)  had 
inadvertently  been  left  uncoated.  It  appear a  the  sodium  ions  were  able 
to  attack  the  circuit  through  this  opening.  This  did  not  begin  until 
the  tissue  was  forced  onto  the  chip.  Chip  failure  was  noted  by  loss  of 
triggering  on  the  oscilloscope,  which  results  in  loss  of  trace  dis¬ 
plays.  Triggering  for  the  scope  came  from  the  SYO  pulae,  which  is  a 
product  of  the  oounter  circuit.  Up  to  loss  of  the  traces,  the  OUTPUT 


signals  appeared  normal.  This  was  verified  by  observing  the  test  in 
slow  notion  from  a  video  recording.  Therefore,  chip  failure  was  initi¬ 
ated  in  the  oontrol  circuitry  and  not  in  the  electrode  array  (as  in  the 
case  of  the  unencapsulated  chip).  It  appears  the  polyimlde  did  protect 
the  electrode  array  throughout  the  test. 

In  an  attempt  to  prove  the  conclusions  from  the  test,  it  was  repeat¬ 
ed  on  a  eecond  encapsulated  chip  in  a  64-pin  package.  This  chip  was 
prepared  and  wired  identically  to  the  first  encapsulated  test  package. 
The  functional  test  showed  the  chip  was  operational,  but  the  outputs  of 
the  multiplexer  (ROW  pulses)  were  not  well-defined  pulses.  The 
traillng-edge  of  each  pulses  was  square,  but  the  leading-edges  con¬ 
tained  some  noise.  The  OUTPUT  from  the  bonded  electrodes  appeared  only 
when  the  noise  stopped  on  each  ROW  pulse.  It  was  felt  that  this  noise 
would  have  no  effect  on  the  test. 

When  the  saline  was  dropped  onto  the  tissue  to  form  the  simulated 
"brain"  on  the  chip,  signals  appeared  immediately  on  the  OUTPUT  columns 
containing  bonded  electrodes.  However,  no  unbonded  electrode  OUTPUTS 
were  seen,  except  on  0UTPUT#14.  The  "brain"  signal  was  visible  on  the 
trace,  but  appeared  very  low  in  voltage  level.  After  1*  seconds  of 
operation,  the  decision  was  made  to  force  the  simulated  "brain"  against 
the  chip,  as  in  the  previous  test.  When  pressure  was  added,  the  chip 
failed  immediately.  The  oscilloscope  display  went  blank  as  the  SYO 
trigger  was  lost.  When  the  display  was  returned,  all  traces  were  blank 
except  for  the  "brain"  signal  input.  The  electrode  transistors  were 
off,  passing  no  signals  through. 

The  failure  of  this  chip  ocourred  while  applying  force  to  the  chip. 
It  is  possible  that  either  the  OND  or  TDD  lead  wire,  beneath  the  epoxy 


and  p0l7iJBl.de,  was  broken  due  to  the  force.  As  mentioned  in  Chapter 
III,  the  epoxy  ie  weakened  after  the  high  polylmide  cure.  Some  bubbl¬ 
ing  occurs  in  the  epoxy  during  thie  cure,  also,  and  may  lead  to  a  hid¬ 
den  bubble  below  the  surface.  Externally,  there  does  not  appear  to  be 
any  damage. 

Although  the  chip’s  control  circuitry  was  no  longer  operative,  the 
transistors  associated  with  the  electrodes  could  still  be  used.  The 
ROW  lead  wires  were  still  attached  to  the  chip  and  package,  as  were  the 
OUTPUT  leads.  The  electrode  passes  a  signal  through  to  the  OUTPUT  pad 
when  the  ROW  pulse  is  high  for  that  electrode.  Therefore,  with  the 
simulated  "brain"  operating  in  the  well  of  the  package,  + 5  volts  was 
applied  to  the  R0V#1  pin  of  the  package.  Immediately,  the  "brain" 
signals  appeared  on  the  oscilloscope  OUTPUT  traces.  When  R0W#1  pin  was 
grounded,  the  signals  were  no  longer  present.  By  attaching  the  elite 
board  clock  to  the  pin,  the  "brain”  signal  was  switching  off  and  on 
with  the  clock.  Similar  results  were  obtained  with  the  other  ROW 
pulses. 

The  electrode  transistors  operated  normally  throughout  the  rest  of 
the  test.  The  8  millivolt  "brain"  signal  was  measured  at  7  millivolts 
through  the  OUTPUTS.  After  19  minutes,  the  test  was  terminated  since 
there  were  no  additional  changes  noted.  This  proved  the  polylmide 
encapsulation  process  was  able  to  provide  the  needed  protection  for  the 
electrode  array.  The  only  problem  existing  was  in  the  epoxy /polylmide 
layers  during  packaging.  Unfortunately,  these  problems  were  not  iden¬ 
tified  until  after  the  first  implantable  package  was  fabricated.  There 
fore,  these  same  problems  were  to  be  repeated  in  final  package  testing. 


Package  Testing 


With  some  success  apparent  la  the  circuit  testing,  the  final 
Implantable  package  was  fabricated  for  testing.  This  testing  was  to  be 
similar  to  the  circuit  testing,  except  it  was  to  be  long-term  testing. 
The  polylmide  had  proven  its  ability  to  protect  the  brain  chip  array  in 
the  simulated  "brain,”  but  no  attempt  had  been  made  to  determine  how 
long  this  protection  would  hold.  Since  this  was  the  type  of  package 
which  would  be  Implanted,  this  was  the  one  which  should  undergo  the 
long-term  testing. 

The  test  set-up  was  slightly  different  for  final  package  testing. 
Since  the  Implantable  package  has  a  connector  on  one  end,  the  mating 
receptacle  was  wired  into  its  own  bread  board  strip.  Instead  of  the 
elite  board.  Power,  ground,  and  clock  connections  were  made  to  the 
elite  board  however.  The  other  difference  was  in  the  placement  of  the 
simulated  "brain".  8ince  no  well  exists  on  this  package,  the  simulated 
"brain"  cannot  be  placed  onto  the  chip.  Instead,  the  simulated  "brain" 
was  permanently  set  up  in  a  petri  dish.  The  package  could  then  be 
turned  over  and  placed  directly  on  the  simulated  "brain".  This  arrange¬ 
ment  would  also  insure  good  contact  between  the  simulated  "brain"  and 
the  electrode  array,  without  applying  any  external  force. 

Unfortunately,  this  package  was  completely  Inoperative,  and  could 
not  be  tested.  It  was  during  fabrication  of  this  package  that  the 
inability  of  the  epoxy  to  withstand  the  180°  C  polyimide  cure  was 
discovered. 

After  bonding  the  lead  wires  from  the  chip  to  the  kynor  wires  in 
the  cylinder,  the  chip  was  funotlonally  tested.  Operation,  although 
not  perfect,  was  adequate  for  testing.  The  most  significant  bit  of  the 
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counter  output  (TS3)  was  not  produced  correctly,  and  the  count  pulses 
could  not  be  varied  correctly  by  the  count  select  lines.  The  elec¬ 
trodes  could  not  be  tested  since  none  were  bonded.  However,  noise  from 
the  overhead  fluorescent  lights  did  appear  on  the  OUTPUT  lines  as  the 
multiplexer  turned  on  each  of  the  sixteen  ROVs.  Therefore,  the  chip 
appeared  to  be  testable. 

Hovever,  after  application  and  cure  of  both  the  epoxy  and  polylmlde 
(as  described  In  Chapter  III),  the  chip  was  completely  inoperative.  No 
control  circuitry  worked,  and  none  of  the  three  ROVs  could  be  turned  on 
manually.  Due  to  some  deformation  of  the  epoxy,  it  was  felt  that  some 
wires  had  broken.  This  would  occur  with  this  package  much  easier  than 
with  the  64-pln  package,  because  wire  bonds  on  the  kynor  wire  were  much 
more  fragile  than  those  to  the  gold-plated  pads  of  the  64-pln  package. 
If  the  epoxy  softened  then  shifted  during  the  polylmlde  cure,  these 
wires  would  easily  separate  from  the  kynor  wire. 

A  simple  test  was  done  on  a  64-pln  package  to  prove  this.  Eight 
different  pins  were  bonded  to  the  L-bar  of  an  old,  discarded  brain 
chip.  When  tested  for  continuity  with  an  ohm  meter,  all  eight  pins 
showed  zero  resistance  to  each  other.  After  applying  epoxy  and  curing 
It,  seven  of  the  pins  still  showed  continuity.  This  suggests  possible 
shrinkage  of  the  epoxy,  although  the  specification  sheet  for  the  epoxy 
did  not  mention  any  shrinkage.  After  applying  the  polylmlde  then  cur¬ 
ing  for  two  hours  at  180°  C,  only  three  pins  showed  continuity.  Al¬ 
though  no  wires  appeared  damaged  externally,  four  had  separated  from 
either  the  pins  or  the  chip  bonding  pads.  Prior  64-pin  packages  had 
appeared  to  contain  broken  wires,  but  these  breakages  had  been  assumed 
to  be  caused  accidentally  while  applying  epoxy  by  hand. 


Despite  the  Inability  of  the  epoxy  to  protect  the  wires,  another 
implantable  package  was  fabricated.  This  package  included  redundant 
bonding  for  both  VDD  and  R0V#9.  It  was  felt  that  if  just  one  row  pulse 
could  survive,  the  package  could  still  be  tested.  To  minimise  poly- 
imide  shrinkage,  the  cure  times  at  the  lower  temperatures  were  tripled. 
This  all  proved  futile,  as  all  wires  again  broke. 

Since  time  did  not  permit  identifying  and  acquiring  of  a  high  tem¬ 
perature  epoxy,  no  further  implantable  packages  were  made .  However, 
the  long-term  testing  was  still  done.  Using  the  encapsulated  64-pln 
package  tested  previously  in  the  circuit  test,  and  the  alternative  test 
set-up  described  at  the  beginning  of  this  chapter,  a  long-term  test  was 
designed.  The  ROW  pins  of  the  64-pin  package  had  allowed  the  turning 
on  and  off  of  the  electrodes  in  the  array.  Therefore,  four  functioning 
ROW  pins  were  soldered  to  wire  leads:  R0W#5,  R0W#8,  R0V#1 4 ,  and 
R0W#1 6 .  Three  OUTPUT  pins  were  also  soldered  to  wire  leads:  0UTPUT#2, 
0UTPUT#8,  and  0UTPUT#16.  The  pins  were  soldered  instead  of  Inserted 
into  an  elite  board  to  allow  the  package  to  be  placed  onto  the  simulat¬ 
ed  "brain"  as  the  Implantable  package  would  have  been. 

The  ROW  leads  were  attached  to  the  external  control  circuitry  of 
the  alternate  test  set-up.  The  ROVs  could  then  count  as  originally 
designed.  A  large  plastic  sheet  was  placed  on  the  64-pin  package  as 
before,  and  sealed  with  COAX-SEAL  to  prevent  the  saline  solution  from 
corroding  any  of  the  package's  pins.  The  package  was  then  inverted, 
and  placed  onto  the  simulated  "brain".  The  OUTPUT  "brain"  signals 
appeared  on  the  traces  only  when  the  ROW  pulses  were  on,  as  expected. 
With  a  26  millivolt  input  signal  from  the  Wavetek,  the  simulated 
"brain"  produced  a  9  millivolt  sine  wave.  The  electrode  OUTPUTS  varied 


from  a  high  of  8  millivolts  when  B0V#8  was  on,  td  a  low  of  1  millivolt 
when  R0V#16  wan  on.  These  variations  are  due  to  the  contact  of  the 
chip  and  the  "brain." 

As  in  prior  tests,  a  DC  bias  was  present.  However,  while  varying 
the  input  voltage  to  the  ROVs,  the  bias  changed.  With  the  input  volt¬ 
age  set  at  0  volts,  there  are  no  signals  at  the  OUTPUTS,  and  there  is 
no  bias  on  the  "brain”  signal.  As  the  voltage  is  increased  to  +5 
volts,  the  OUTPUTS  begin  registering  the  sine  wave  signal.  The  "brain" 
signal  shows  a  slight  positive  bias,  estimated  to  be  less  than  1  milli¬ 
volt.  As  the  voltage  is  Increased  to  +5  volts,  the  "brain"  signal  as 
well  as  the  OUTPUT  signals  shift  up  between  +1  and  + 2  millivolts.  Meas¬ 
urements  below  4  millivolts  could  only  be  estimated  on  the  oscilloscope 
used.  This  had  not  been  noticed  on  any  previous  tests  because  the 
input  voltage  had  never  been  varied  during  the  short  amount  of  time  of 
those  tests. 

Since  the  chip  being  used  was  not  a  completely  functional  chip,  it 
was  not  possible  to  precisely  determine  why  the  ROV  inputs  caused  the 
DC  bias  shift  in  the  "brain"  signal.  There  are,  however,  two  possible 
explanations:  an  ungrounded  chip  or  leakage  through  the  gate  to 
source. 

The  chip  under  test  was  the  second  package  tested  in  the  encapsu¬ 
lated  64-pln  package  testing.  Its  control  circuitry  probably  failed 
due  to  broken  wires.  Resistance  checks  with  an  ohm  meter  showed  a  90 
megohm  resistance  between  the  GHD  pin  and  the  VDD  pin  and  an  11.5  meg¬ 
ohm  resistance  between  OHD  and  a  multiplexer  output  (R0W#8).  There¬ 
fore,  it  was  suspected  the  GHD  wire  had  broken,  making  it  impossible  to 
ground  the  chip.  This  floating  ground  could  have  caused  a  capacitive 
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Figure  16.  Capacitive  Coupling  Between  NMOS  Gate  and  Electrode  Pad 

coupling  between  the  polysilicon  gate  and  the  electrode  pad,  as  shown 
In  Figure  16.  This  coupling  can  inject  the  DC  from  the  gate  into  the 
brain,  as  well  as  Into  the  electrode’s  associated  transistor  source. 
This  would  result  in  the  DC  bias,  as  observed. 

It  is  also  possible  for  the  gate's  DC  to  leak  through  the  gate  to 
the  source.  This  leakage  would  also  raise  the  "brain’s"  DC  bias. 
Since  the  bias  was  verj  small  (1  to  2  millivolts)  compared  to  the  input 
voltage  (5  volts),  this  leakage  could  have  occurred. 

In  either  case,  this  problem  must  be  researched  further.  There  is 
a  very  serious  consequence  of  this  problem  due  to  the  injection  of  cur¬ 
rent  into  the  brain.  The  validity  of  the  readings  from  the  brain  chip 
may  be  questioned  since  they  may  partially  result  from  the  electrical 
stimulation  of  the  ROW  pulses  instead  of  just  visual  stimulation. 

Despite  its  possible  electrical  problems,  the  brain  chip  did  con¬ 
tinue  to  function  normally  for  21  days.  There  was  only  a  slight  loss 
of  "brain"  signal  amplitude  picked  up  by  the  electrodes.  The  test  was 
terminated  at  this  point,  with  the  chip  still  functioning,  to  check  for 
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any  damage  to  the  polyimlde  or  aluminum  electrodes.  The  chip  was  stud¬ 
ied  under  a  scanning  electron  microscope.  There  was  no  damage  to  the 
polyimlde,  as  all  the  electrode  openings  were  exactly  as  originally 
etched.  However,  the  aluminum  electrode  pads  did  receive  some  damage. 
About  85  of  the  256  pads  received  minor  deterioration,  while  another  16 
lost  about  one-third  of  the  aluminum  from  the  exposed  pad.  No  aluminum 
beneath  the  polyimlde  was  affected.  All  of  the  electrode  damage  was  on 
electrode  pads  in  columns  5,  8,  and  16  -  the  only  ones  monitored  for 
the  full  21  days.  This  deterioration  was  probably  responsible  for  the 
slight  loss  in  signal. 

Materials  Testing 

Prior  to  the  long  term  package  testing,  the  effects  of  a  saline 
environment  on  polyimlde  and  aluminum  was  tested.  An  encapsulated 
64-pin  package,  similar  to  those  tested  above,  was  placed  into  a  0.9% 
NaCl  solution.  No  voltage  was  applied  to  either  the  solution  or  the 
package.  After  two  weeks,  the  package  was  removed.  The  only  notice¬ 
able  effects  were  corrosion  of  the  package's  pins.  The  aluminum  elec¬ 
trodes  and  polyimlde  appeared  intact.  Observation  under  a  scanning 
electron  microscope  revealed  the  polyimlde  layer  around  two  different 
electrodes  was  damaged,  but  the  damage  did  not  appear  to  be  a  result  of 
the  saline  environment.  It  appeared  the  layer  may  have  been  scratched 
causing  a  portion  of  the  layer  to  break  off.  The  aluminum  electrodes 
showed  no  effects  from  the  saline  solution. 


Analysis 


The  NMOS  circuit  will  pick  up  and  transmit  the  signals  as  well  as 


the  4X4  JFET  array  did.  There  is  little  loss  in  pick-up  of  signals 


through  the  aluminum  electrodes  at  the  frequency  used  (5  KHz).  How¬ 
ever,  the  circuit  is  extremely  vulnerable  to  sodium  contamination  when 
unprotected.  The  circuit  could  not  operate  for  even  one  second  in  a 
saline  environment. 

Polyimlde  will  protect  the  electrode  array  in  the  corrosive  environ¬ 
ment,  though.  This  protection  has  been  proven  to  hold  up  for  21  days 
of  continuous  brain  chip  operation.  However,  if  no  current  is  passing 
through  the  exposed  pads,  as  in  the  Materials  Testing  section  above, 
the  pads  show  little,  if  any,  deterioration. 

In  vitro  operation  of  the  chip's  control  circuitry  for  long  periods 
of  time  could  not  be  shown.  The  failures  do  not  seem  to  point  to  the 
inability  of  the  polyimlde  to  protect,  but  rather  to  the  epoxy's  abil¬ 
ity  to  protect  the  wires.  In  one  case,  a  hole  was  left  unprotected 
over  the  chip’s  counter.  However,  in  the  other  test  cases,  the  wires 
either  did  not  survive  polyimlde  curing  or  broke  when  pressure  was 
applied.  One  test  did  prove  that  polyimlde  curing  can  break  wire  bonds 
despite  the  epoxy  layer,  but  actual  proof  of  this  is  impossible  to 
detect  through  the  epoxy  layer.  However,  if  an  epoxy  capable  of  with¬ 
standing  180°  C  for  two  hours  can  be  found,  the  above  tests  should 
prove  the  polyimlde  process  and  implantable  package  fabrication  valid. 

The  only  unanswered  problem  is  the  DC  bias  injected  into  the  brsin 
by  the  ROW  gates.  Since  there  is  always  one  ROW  high  during  chip  opera¬ 
tion,  the  overall  effect  will  be  a  constant  DC  voltage  applied  to  the 
brain.  This  DC  bias  would  be  approximately  1  to  2  millivolts,  compared 
to  actual  brain  signals  up  to  several  hundred  microvolts  (4:88).  It  is 
unclear  what  effect  this  will  have  on  the  recorded  brain  signals,  since 
it  is  possible  this  bias  could  stimulate  the  brain.  This  problem  may 


*.  Problems  and  Techniques 

During  development  of  the  encapsulation  processing  schedule,  a  num¬ 
ber  of  problems  were  encountered  which  necessitated  modification  of  pro¬ 
cedures  or  equipment  prior  to  continuation.  These  problems  were  the 
result  of  using  individual  integrated  circuits  for  processing  instead 
of  larger  wafers.  The  equipment  used  in  processing  is  designed  for 
wafers  ranging  from  one  to  three  inches  in  diameter.  The  NMOS  brain 
chip  used  in  this  work  measured  9/52  inches  on  a  side.  The  brain  chip 
with  multiplexed  outputs  will  be  even  smaller  due  to  the  decrease  in 
the  number  of  output  pads.  Since  NMOS  chips  supplied  by  MOSIS  are  re¬ 
turned  pre-cut,  any  continuation  work  in  this  area  at  AFIT  will  require 
use  of  the  same  equipment.  Therefore,  this  chapter  is  included  to 
detail  modifications  and  techniques  that  will  aid  in  processing. 

Equipment  Modifications 

The  equipment  in  which  problems  exist  are:  the  spinner  and  the 
mask  aligner.  In  both  cases,  the  brain  chip  is  too  small  to  create  a 
vacuum  on  the  chuck  on  which  it  sits.  This  is  due  to  the  spread  of  the 
holes  around  the  chuck  -  the  chip  simply  cannot  cover  all  the  holes. 
Without  the  vacuum,  processing  on  the  equipment  is  impossible.  With 
the  spinner,  lack  of  a  vacuum  results  in  the  chip  flying  off  the  spin¬ 
ner  when  it  is  started.  In  the  case  of  the  mask  aligner,  the  chip  does 
not  move  consistently  with  the  chuck  when  under  the  mask,  making  align¬ 
ment  impossible.  Both  problems  were  solved  using  different  modifica¬ 
tions. 

Spinner .  To  solve  the  spinner  problem,  the  vacuum  holes  on  the 


chuck  were  sealed,  except  for  the  center  hole.  This  was  done  on  the 
smallest  chuck  available  -  a  1-lnch  diameter  chuck.  The  sealant  used 
was  RTV  silicone  sealant  (Dow  Chemical).  It  was  spread  evenly  across 
the  entire  top  surface  of  the  chuck,  leaving  only  the  center  hole 
uncovered.  The  surface  must  be  smooth  to  allow  the  chip  to  lie  flat 
and  optimise  the  vacuum  of  the  spinner.  The  RTV  must  be  allowed  to 
cure  24  hours  prior  to  use. 

The  results  using  this  modified  chuck  were  excellent  for  applica¬ 
tion  of  polyimide  and  photoresist.  However,  due  to  the  small  sise  of 
the  chip,  these  chemicals  will  also  be  deposited  onto  the  RTV  surface 
of  the  chuck.  Since  the  chip  may  not  seal  completely  on  the  chuck, 
some  of  these  chemicals  will  be  sucked  down  the  vacuum  through  the  hole 
in  the  center  (beneath  the  chip).  Although  this  will  not  affect  the 
chip,  it  will  decrease  the  vacuum,  and  possibly  seal  the  center  hole  if 
allowed  to  accumulate.  The  chuck  and  vacuum  line  should,  therefore,  be 
cleaned  with  small  amounts  of  AZ551  and  acetone  periodically  to  prevent 
loss  of  vacuum. 

Although  this  chuck  worked  well  with  polyimide  and  photoresist,  it 
did  not  work  well  with  the  negative  photoresist  developer  chemicals. 
Both  the  Xylene  and  Butyl  Acetate  quickly  attacked  the  RTV  while  spin¬ 
ning  on  these  chemicals.  Continued  use  will  strip  the  RTV  resulting  in 
loss  of  vacuum.  Therefore,  an  additional  modification  was  required. 
By  attaching  a  small  square  of  double-sided  tape  to  the  center  of  a 
1-1/2  inch  diameter  wafer,  the  chip  could  be  held  in  place  while  spin¬ 
ning.  The  tape  should  be  small  enough  to  fit  completely  beneath  the 
chip  to  prevent  the  chemicals  from  attacking  the  tape.  The  tape  should 
be  centered  to  minimise  the  centrifugal  forces  on  the  spinning  chip. 


The  tape  on  the  wafer  allows  full-speed  operation  of  the  spinner. 
It  could  also  be  used  with  the  polyimlde  and  photoresist,  except  for 
two  disadvantages.  The  primary  disadvantage  is  the  sticky  residue 
which  adheres  to  the  back  of  the  chip  when  it  is  removed  from  the  tape. 
If  not  removed.  It  will  bake  onto  the  back  resulting  in  an  uneven  sur¬ 
face.  Both  developing  and  etching  can  be  accomplished  without  removing 
the  chip  from  the  tape.  Therefore,  the  tape  residue  can  be  removed 
with  an  X-ACTO  knife  after  etching,  then  put  into  the  oven  for  cure. 
If  this  wafer  were  used  for  both  polyimlde  and  photoresist  also,  the 
residue  would  have  to  be  removed  after  each  was  applied.  The  other  dis¬ 
advantage  is  that  the  tape  must  be  replaced  after  the  chip  is  removed. 
If  the  tape  is  used  for  another  chip,  it  may  not  retain  enough  adhesion 
material  to  hold  a  fast  spinning  chip. 

By  using  the  modified  chuck  for  polyimlde  and  photoresist,  and  the 
modified  wafer  for  developing  and  etching  all  spinner  problems  were 
overcome . 

Mask  Aligner.  The  modification  for  the  mask  aligner  vacuum  problem 
was  solved  using  a  large  wafer  to  hold  the  chip.  The  mask  aligner 
requires  3-inch  wafers  to  obtain  the  vacuum.  Tape  could  not  be  added 
to  the  center  of  a  3-inch  wafer,  though,  as  this  would  have  made  the 
chip  sit  too  high  above  the  chuck.  With  the  chip  too  high,  it  would 
remain  in  contact  with  the  mask  when  it  should  be  separated  for  align¬ 
ing.  Therefore,  a  wafer  had  to  be  cut  to  hold  the  chip. 

The  modification  required  cutting  a  3/8-inch  strip  from  the  center 
of  a  3-inch  wafer.  A  1-1/4  inch  long  strip  was  then  cut  and  discarded 
from  the  center  of  this  strip,  resulting  in  four  pieces  of  wafer. 
These  pieces  should  then  be  reassembled  into  a  3-inch  wafer  on  a  sheet 


of  paper  coated  with  rubber  cenent.  The  final  result  is  a  5-inch  wafer 
with  a  5/8  by  1-1/4  inch  strip  of  paper  exposed  in  its  center.  The 
exposed  paper  will  still  have  some  rubber  cement  which,  when  dry,  will 
help  to  hold  the  chip  in  place. 

This  modified  wafer  will  hold  the  vacuum  on  the  chuck  and  the  cut¬ 
out  strip  will  hold  the  chip.  The  strip  is  much  larger  than  the  chip 
so  the  chip  can  be  moved,  as  needed,  to  aid  in  the  alignment.  In  some 
locations  on  the  wafer,  the  chip  will  not  be  within  reach  of  a  mask  pat¬ 
tern  while  in  the  alignment  position.  It  will,  therefore,  be  necessary 
to  relocate  the  chip  in  the  cut-out  portion  of  the  wafer.  Using  this 
modified  wafer,  alignment  of  individual  chips  became  possible. 

Processing  Techniques 

Not  only  must  processing  equipment  be  modified,  but  new  processing 
techniques  must  be  used  when  working  with  individual  chips.  The  size 
of  the  chips  makes  handling  difficult  and  requires  a  great  deal  of 
attention  to  detail.  Processing  of  an  individual  chip  can  be  aggravat¬ 
ing,  but  these  techniques  can  aid  in  a  better  yield. 

When  handling  chips,  it  is  best  to  use  a  set  of  nonmetallic  tweez¬ 
ers.  The  small  size  of  the  chips  makes  them  difficult  to  pick  up  and 
carry.  It  is  very  easy  to  scratch  the  surface  when  trying  to  grasp 
with  tweezers.  Stainless  steel  tweezers  will  often  scratch  through  the 
surface  and  destroy  metal  runs  below  the  passivation  layer.  A  set  of 
plastic  or  Teflon  tweezers  is  best. 

As  mentioned  in  Chapter  III,  a  meniscus  builds  up  on  the  edge  of 
the  chip  during  processing.  It  is  very  Important  that  the  surface 


tension  is  broken  prior  to  spinning,  to  minimize  this  meniscus. 
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Therefore,  when  applying  adhesion  promoter,  polylmide,  and  photoresist, 
allow  It  to  ooat  the  surface  as  well  as  the  sides  of  the  chip. 

The  brain  chips  are  very  light  compared  to  silicon  wafers.  Shots 
of  N2  must  be  applied  very  carefully,  or  the  chip  will  fly  out  of  the 
tweesers.  Care  must  also  be  taken  when  using  a  convection  oven.  If 

the  fan  Is  too  strong,  it  will  blow  the  chips  around  in  the  oven.  This 
is  especially  true  when  opening  and  closing  the  oven  door.  The  fan 
must  be  turned  off  prior  to  opening  the  door. 

Since  wire  baskets  are  too  large  to  hold  chips  in  the  oven,  small 
wafers  can  be  used.  The  1-1/2  inch  wafers  were  ideal  for  this  purpose. 
However,  when  spinning  polyimide  or  photoresist  onto  the  chip,  some 
residue  may  accumulate  on  the  bottom  surface.  Vhen  baked,  this  residue 
will  dry  causing  the  chip  to  stick  to  the  wafer.  An  X-ACTO  knife  or 
razor  blade  should  be  used  to  help  separate  the  chip.  If  too  much  pres¬ 
sure  is  applied,  the  chip  will  break.  As  a  last  resort,  the  wafer  and 
chip  should  be  soaked  in  acetone  to  free  the  chip. 

Use  of  these  techniques  increases  the  processing  yield,  since  they 
minimize  damage  to  chips.  However,  the  most  important  technique  is 
attention  to  detail  -  do  all  processing  deliberately,  and  patiently. 
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VI.  Conclusions  and  Recommendations 


Conclusions 

Polylmide  has  proven  successful  in  protecting  a  JFET  Integrated  cir¬ 
cuit  in  an  actual  cerehro-splnal  fluid  (CSF)  environment  in  prior  work. 
Using  a  new  circuit  and  new  processing  schedule,  it  was  shown  to  pro¬ 
tect  an  HMOS  integrated  circuit  in  a  simulated  CSF  environment.  A  new 
package,  designed  for  chronic  implantation,  appears  viable. 

Hew  Circuit.  The  new  HMOS  brain  chip  Includes  a  16  X  16  array  of 
aluminum  electrodes  output  through  16  output  pads.  It  has  been  tested 
both  in  and  out  of  a  saline  environment.  Without  any  protective  layer 
(other  than  its  standard  glass  coating),  the  circuit  will  work  in  a 
simulated  CSF  for  less  than  1  second.  The  sodium  ions  cause  permanent 
catastrophic  failure,  almost  immediately.  However,  the  circuit  does 
read  signals  through  the  electrodes,  and  sends  them  to  the  output  pads. 

With  a  polyimlde  coating  of  8  microns,  the  circuit  will  work  for  a 
minimum  of  3  weeks,  with  no  damage  to  the  protected  circuitry.  How¬ 
ever,  the  exposed  aluminum  pads  will  deteriorate  in  the  saline  solu¬ 
tion,  while  current  is  passing  through  them.  The  pads  will  transfer 
input  signals  for  about  3  weeks  of  continuous  use  with  little  signal 
loss.  However,  as  the  pads  deteriorate,  the  signal  loss  Increases. 
When  there  is  no  current  passing  through  the  pads,  their  deterioration 
is  greatly  reduced. 

There  is,  however,  the  possibility  the  HMOS  brain  chip  may  inject  a 
constant  DC  bias  into  the  brain  while  in  operation.  The  source  of  the 
DC  is  the  output  of  the  multiplexer  (ROW  pulses).  Measured  at  1  to  2 


millivolts,  this  DC  may  have  occurred  only  because  the  circuit  under 


teat  oould  not  be  pounded.  However,  it  ie  poealble  that  this  DC  nay 
be  leaking  from  the  gate  to  the  aource.  The  effeete  of  thle  constant 
DC  on  the  brain  are  not  completely  known,  but  may  affect  the  validity 
of  brain  signal  readings.  Therefore,  further  in  vitro  testing  with  a 
completely  functional  chip  is  essential. 

Processing  Schedule.  Basing  a  processing  schedule  on  the  negative 
photolithography  process  used  by  Hensley  and  Denton,  a  new  encap¬ 
sulation  process  was  developed.  Although  a  number  problems  were  en¬ 
countered  processing  Individual  chips  (versus  a  wafer),  modifications 
in  equipment  and  processing  techniques  resolved  these  problems.  The 
most  important  breakthrough  was  in  minimising  the  meniscus  build-up  on 
the  edge  of  the  chip,  by  breaking  the  meniscus  prior  to  spinning  on  the 
polylmlde  or  photoresist.  Until  this  was  discovered,  there  was  no  suc¬ 
cess  in  etching  a  satisfactory  pattern  on  an  individual  chip. 

Using  processing  Schedule  #4  in  Appendix  A,  an  8  micron  thick  layer 
of  polylmlde  was  added  to  the  surface  of  the  chip.  This  protective 
layer  definitely  protected  the  electrode  array  from  the  simulated  CSF 
environment,  allowing  up  to  15  days  of  continuous  operation  in  it. 
According  to  the  literature  reviewed  during  this  effort,  polylmlde  will 
absorb  moisture,  and  begin  losing  its  excellent  electrical  properties. 
Polylmlde,  therefore,  is  not  the  best  encapsulant,  but  appears  to  pro¬ 
vide  more  than  adequate  protection  for  its  intended  use,  as  shown  in 
the  testing. 

However,  there  were  problems  associated  in  each  test  which  resulted 
in  loss  of  the  oontrol  circuitry  of  the  chip.  These  problems  were 
usually  due  to  inadvertent  oversights  in  packaging,  in  addition  to  a 
serious  packaging  problem. 
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Brain  Chip  Packaging.  Packaging  of  the  brain  chip  Involves  not 
only  hooking  the  chip  to  the  outside  world,  but  protecting  the  hook-up 
and  chip  from  both  physical  and  electrical  damage.  The  package 
designed  in  this  thesis  does  allow  for  communication  to  the  outside 
world  through  a  small  cylindrical  package.  The  package,  with  an  encap¬ 
sulated  brain  chip  on  one  end  and  a  85-pin  connector  on  the  other,  fits 
into  a  larger  cylindrical  mount  designed  to  be  permanently  mounted  In 
the  skull  of  a  rhesus  monkey.  The  package  Is  easily  Inserted  and 
removed  from  the  test  subject,  and  can  be  Interchanged  with  other  like 
units.  The  connector  attached  to  one  end  of  the  package  allows  the 
package  to  remain  in  the  skull  without  having  to  be  physically  wired  to 
any  recording  device:  this  connection  is  made  only  for  actual  tests 

with  the  monkey.  The  advantage  of  the  design  is  the  easy  access  to  the 
implantable  device,  without  chronic  surgery.  The  only  surgery  required 
is  in  affixing  the  cylindrical  mount  permanently  in  the  skull.  A  sur¬ 
gical  procedure  using  a  similarly  shaped  device  has  already  been  devel¬ 
oped  by  the  Aerospace  Medical  Research  Laboratory  and  can  easily  be 
adapted  for  use  with  this  package. 

However,  a  serious  problem  arose  which  prevented  successful  comple¬ 
tion  of  an  actual  package.  The  epoxy  used  to  hold  the  chip,  the  hook¬ 
up  wires,  and  fragile  chip  bond  wires  failed.  The  high  heat  required 
to  thoroughly  cure  polyimide  softens  the  hardened  epoxy,  allowing  the 
bond  wires  to  break.  Both  packages  fabricated  were  completely  useless, 
as  most  of  the  wires  to  the  chip  broke.  This  problem  was  not  solved 


due  to  lack  of  time. 


Recommendations 


Additional  effort  Is  needed  to  bring  about  Implantation.  This  work 
must  be  done  in  the  area  of  packaging.  This  thesis  effort  suggests  new 
areas  of  research  In  packaging,  processing,  and  testing. 

Packaging.  One  of  the  most  important  areas  requiring  additional 
effort  is  the  packaging  of  the  brain  chip.  Especially  Important  is  the 
selection  of  a  different  epoxy.  The  epoxy  used,  Epotek  H70E,  does  not 
hold  its  rigidity  during  the  final  cure  of  the  polyimlde.  The  epoxy 
must  protect  the  fragile  bond  wires  during  this  critical  curing  stage. 
Therefore,  it  is  imperative  a  new  epoxy  be  found.  This  new  epoxy  must 
have  an  operating  temperature  of  at  least  180°  C,  since  it  will  be  at 
this  temperature  for  two  hours.  The  epoxy  must,  of  course,  be  an 
electrically  insulating  epoxy.  Packaging  cannot  be  cor*pleted  until 
this  new  epoxy  is  found. 

The  type  of  hook-up  wire  used  in  packaging  should  be  replaced.  The 
present  type,  a  solid,  copper  wire  insulated  by  kynor  is  guaranteed  to 
125°  C,  according  to  a  number  of  electrical  supply  catalogs.  It  has 
been  used  successfully,  though,  at  180°  C.  Although  no  wires  have 
shorted  together,  the  insulation  after  high  temperature  cures  has  shown 
signs  of  fatigue.  If  possible,  Teflon  coated  wires  should  be  used. 
The  only  requirement  is  the  wire  must  be  solid,  not  stranded. 

Due  to  availability,  the  connector  used  in  packaging  was  an  85-pin 
microminiature  connector,  by  ITT  Cannon  Electric.  This  was  the  only 
company  found  which  manufactures  such  small  connectors  with  a  high  pin¬ 
out.  Only  55  of  the  85  pins  were  required.  Although  a  55-pin  connec¬ 
tor  would  be  ideal,  the  next  smallest  connector  with  at  least  55  pins 
is  a  55-pin  connector  by  Cannon.  This  connector  has  been  ordered  for 


further  research.  However,  if  an  equally  small  connector,  with  a 
minimum  of  95-pins  can  be  found,  it  should  be  used. 

To  Insulate  the  solder  connections  between  the  kynor  hook-up  wires 
and  connector  wires,  RTV  sealant  is  suggested.  If  available  in  a 
50-gauge  else,  heat-shrink  tubing  could  also  be  used  to  provide  this 
insulation.  This  will  allow  the  maximum  room  possible  for  pushing 
wires  back  into  the  cylinder  when  attaching  the  connector  to  the  top. 

Processing.  The  biggest  recommendation  for  the  processing  phase 
is  to  use  wafers  instead  of  individual  chips.  In  addition  to  requiring 
no  equipment  modification,  it  relieves  a  great  deal  of  aggravation 
which  results  from  working  with  small  chips.  Each  individual  chip 
requires  the  same  amount  of  processing  time  as  a  whole  wafer. 
Therefore,  using  a  wafer  will  save  an  enormous  number  of  man-hours  in 
processing.  The  only  additional  processing  step  would  then  be  to  cut 
the  chips  from  the  wafer.  However,  the  equipment  and  expertise  exists 
at  Vright-Patterson  AFB  to  accomplish  this. 

Testing.  Testing  in  this  thesis  left  open  a  possible  problem  of  an 
NMOS  brain  chip.  Since  it  is  not  known  whether  a  functional  brain  chip 
will  inject  unwanted  voltages  into  the  brain,  it  is  recommended  that 
additional  in  vitro  testing  be  accomplished  prior  to  use.  This  testing 
should  Include  testing  of  encapsulated  chips  with  silver  electrodes  to 
determine  if  there  is  less  deterioration  than  with  aluminum. 

Further  Research.  Further  research  efforts  should  initially  be 
toward  Implantation  of  this  package.  It  must  be  shown  whether  the 
chronic  implant  is  a  feasible  process  with  no  adverse  effects  to  the 
monkey.  Using  this  type  of  Implant  will  allow  any  type  of  circuit  to 
be  used,  as  long  as  it  will  fit  on  the  Implantable  cylinder. 


Additional  research  effort  Bust  be  directed  toward  correcting  the 
problem  with  the  multiplexed  output  chip.  The  multiplexed  output  brain 
chip  will  minimize  the  number  of  connections  to  the  chip  by  at  least 
eighteen  wires.  It  may  then  be  possible  to  go  to  a  smaller  connector 
since  Cannon  also  carries  a  19-pin  microminiature  connector.  This  chip 
has  already  been  tested,  and  the  results  recorded  (Appendix  F).  These 
results  only  need  to  be  studied  to  determine  the  reason  for  failure, 
then  the  file  corrected.  If  the  multiplexed  output  chip  is  used,  it 
may  be  possible  to  redesign  a  smaller  package. 

If  a  smaller  package  can  be  designed,  the  full  capabilities  of  the 
brain  chip  can  then  be  realized:  interconnection  of  two  brain  chips. 
This  interconnectablllty  was  designed  into  the  brain  chip  through  the 
SYO  and  SYI  pads.  The  chip  remains  dormant  until  its  SYI  input  transi¬ 
tions  to  low.  The  chip  then  goes  through  its  count  (depending  on  the 
count  select  Inputs).  When  its  count  is  finished,  the  chip's  SYO  tran¬ 
sitions  to  low,  reviving  the  other  chip,  and  goes  back  to  its  dormant 
state.  Interconnection  also  allows  one  chip  to  be  used  to  input,  while 
the  second  records  output.  In  this  way,  pictures  can  be  input  to  the 
primary  visual  cortex,  and  results  of  this  input  sensed  at  the  second¬ 
ary  visual  cortex.  Although  this  is  possible  with  the  present  design, 
it  will  require  removal  of  a  large  area  of  the  skull,  leaving  the  mon¬ 
key  vulnerable  to  injury.  Therefore,  this  area  of  research  should  be 
preceded  by  a  redesign  of  the  package. 


Photolithography  Processing  Schedules 


Standard  Clean 

This  is  the  standard  cleaning  schedule  used  prior  to  processing  any 
wafers  or  chips.  This  cleaning  eliminates  organic  contaminate  from  the 
surface.  The  one  hour  bake  out  is  a  minimum  time  and  removes  all  mois¬ 
ture  -from  the  chip. 

1.  Dip  in  beaker  of  acetone  -  removes  organic  material. 

2.  Blow  dry  with  H2. 

3.  Flood  with  methanol  -  removes  more  organic  material. 

4.  Blow  dry  with  N2. 

5.  Flood  with  de-ionized  water  (DIV). 

6.  Blow  dry  with  H2. 


7.  Bakeout  one  hour  (minlmum)in  convection  oven  at  220°  C,  N2 
ambient  -  removes  moisture  from  surface. 
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Schedule  #1 :  Poeltlve  PR  Prcoeee  for  Wafers 

Thie  procese  tree  used  to  establish  a  consistent  photolithography 
process  for  using  AZ135BJ  positive  photoreslet. 


1 .  Clean  using  Standard  Clean  process  and  22f°  C  oven. 

2.  Preheat  seoond  oven  to  7t°  C. 

3.  Remove  wafer  from  22*°  c  oven  after  bakeout  and  allow  to  oool. 

4.  Blow  clean  with  H2« 

5.  Apply  adhesion  promoter  (HMDS): 

-  puddle  on  wafer. 

-  spin/ spread  •  2  krpm  for  3  eec. 

-  spin  •  3  krpm  for  3*  sec  -  drlee  HMD8. 

6.  Apply  positive  photoreslet  (AZ135BJ): 

-  puddle  on  wafer. 

-  spin/spread  •  2  krpm  for  5  sec. 

-  spin  •  3  krpm  for  3S  sec. 

7.  Prebake  photoresist  -  74°  C  for  2f  minutes. 

8.  Blow  dean  with  l2. 

9.  Align/ expose  -  2§  seconds. 

1*.  Develop  photoresist: 

-  puddle  AZ351  developer  (1:5  with  DIV). 

-  spin/spray  ff  1  krpm  for  15  sec  (spray  only  enough  to 
keep  wet). 

-  puddle  DIW  (to  rinse  and  stop  developer). 

-  spin/spray  •  2  krpm  for  3*  sec. 

-  spin/ dry  •  5  krpm  for  3i  sec. 

1 1 .  Examine  pattern  under  nlcroecope  -  look  for  fully  developed  pattern 
across  wafer;  If  any  over-developed  patterns  or  undercutting, 
decrease  AZ351  develop  time  or  exposure  time. 

12.  If  not  fully  developed  repeat  step  IB. 


The  following  schedule  wee  used  to  establish  a  consistent  photolith¬ 
ography  process  using  polyimide  and  positive  photoresist  on  practice 
wafers.  However,  no  consistent  proeess  could  be  found.  The  schedule 
below  was  the  basis  for  the  numerous  attempts  at  finding  a  successful 
schedule . 

The  primary  variables  changed  were  the  develop  times,  the  postbake  tem¬ 
perature.  the  etch  times,  and  the  etchant  used.  This  schedule  does  not 
produce  acceptable  results. 


1 .  Clean  wafers  using  Standard  Clean  process  and  22f°  C  oven. 

2.  Preheat  second  oven  to  71°  C. 

5.  Remove  wafer  from  22t°  C  oven  after  bakeout  and  allow  to  cool. 

4.  Blow  clean  with  H2  -  removes  surface  dust. 

5.  Apply  polyimide  adhesion  promoter  (W-651): 

-  puddle  on  wafer. 

-  spin/spread  •  2  krpm  to-  If  sec. 

-  spin  •  5  krpm  for  5f  sec. 

6.  Apply  polyimide  (PI  2555): 

-  puddle  on  wafer. 

-  spin/spread  •  2  krpm  for  5  sec. 

-  spin  f  6.5  krpm  for  51  see. 

7.  Prebake  PI  2555  at  79°  C  for  2f  minutes,  M2  ambient  -  dries  the 

polyimide  without  curing:  place  in  oven  immediately  to 

minimise  formation  of  pinholes. 

8.  Remove  from  oven,  and  allow  to  cool. 

9.  Blow  with  H2  -  removes  surface  dust. 

If.  Apply  adhesion  promoter  (HMDS): 

-  puddle  on  wafer. 

-  spin/spread  f  2  krpm  for  5  sec. 

-  spin  f  5  krpm  for  5f  see  -  dries  HMDS. 


11.  Apply  positive  photoresist  (AZ1350J): 

-  puddle  oa  wafer. 

-  spin/spread  0  2  krpa  for  5  see. 

-  spin  •  3  krpa  for  30  seo. 

12.  Prebake  photoresist  at  7f°  C  for  20  minutes ,  M2  ambient. 

15.  Blow  clean  with  N2. 

14.  Align/ expose  -  20  seconds. 

15.  Develop  photoresist: 

-  puddle  AZ351  developer  (1:5  with  D1V). 

-  spin/ spray  •  1  krpa  for  2f  sec  (spray  only  enough  to 

keep  wet). 

-  puddle  DIV  (to  rinse  and  stop  developer). 

-  spin/spray  •  2  krpa  for  30  sec. 

-  apin/dry  •  5  krpa  for  30  sec. 

16.  Examine  pattern  to  deteraine  if  additional  developing  required. 

17.  Postbake  at  100°  C  for  20  Minutes,  M2  ambient  -  toughens 
photoresist. 

18.  Etch  the  polyiaide: 

-  AZ551  (1:5)  bath  -  30  sec. 

-  DIV  bath  -  30  see. 

-  Blow  dry  with  >2. 

19.  Examine  -  check  for  full  etch  without  PR  lifting  or  pattern 
breaking. 


This  schedule  outlines  a  consistent  photolithography  process  using 
polyialde  and  negative  photoresist  on  3-1/2  Inch  practice  wafers. 
Prior  to  applying  an  additional  coat,  the  polyialde  must  be  fully 
cured. 


1 .  Clean  wafers  using  Standard  Clean  process  and  22f°  C  oven. 

2.  Preheat  seoond  oven  to  7t°  C. 

3.  Remove  wafer  fro*  22f°  C  oven  after  bakeout  and  allow  to  cool. 

4.  Blow  clean  with  I2  -  remove a  surface  dust. 

3.  Apply  polyialde  adhesion  promoter  ( VM-651 ) : 

-  puddle  on  wafer. 

-  spin/spread  •  2  krpa  for  If  see. 

-  spin  f  3  krpa  for  3#  see. 

6.  Apply  polyialde  (PI  2533): 

-  puddle  on  wafer. 

-  spin/ spread  •  2  krpa  for  3  sec. 

-  spin  I  6.3  krpa  for  3f  see. 

7.  Prebake  PI  2533  at  7f°  C  for  2t  Minutes,  I2  ambient  -  dries  the 
polyialde  without  curing;  place  In  oven  lnaedlately  to  minimise 
formation  of  pinholes. 

8.  Remove  from  oven,  and  allow  to  cool . 

9.  Blow  with  H2  "  removes  surface  dust. 

If.  Apply  negative  photoresist  (Vayooat  Type  5,  28  CP): 

-  puddle  on  wafer. 

-  spin/ spread  f  3  krpa  for  3f  sec. 

11.  Prebake  photoresist  at  7f°  C  for  2f  alnutes,  X2  sabient. 

12.  Blow  clean  with  R2. 

13.  Align/expose  -  4.3  seconds. 

14.  Develop  photoresist: 

-  spin/spray  Xylene  •  1  krpa  for  2f  sec  (spray  enough  to 
keep  wet). 

-  spin/spray  Butyl  Aoetate  f  1  krpa  for  2f  see. 

-  spin/blow  I)  t  1  krpa  for  3f  sec. 


15.  Sxaalne  patters  to  deteraise  If  additional  developing  required. 

16.  Postbake  at  12t°  C  for  2#  alnutes,  W2  anblest  -  toughens 
pbotoreelet. 

17.  Btoh  the  poljlnide: 

-  A2551  (1:5)  bath  -  5  eee. 

-  DIV  bath  -  5*  sec. 

-  Blow  drj  with  1}. 

18.  Examine  -  check  for  full  etoh  without  PR  lifting  or  pattern 
breaking;  reaceoapllsh  etoh.  If  required. 

19.  Cure  at  188°  C  for  2  hours.  B2  eniblent  -  full  cure  prior  to  an 
additional  coat. 


This  schedule  outlines  the  photolithography  process  using  polyinide 
and  negative  photoresist  on  a  single  brain  ohlp.  This  schedule  is  con¬ 
sistent.  Its  differences  froa  the  wafer  sohedule  resulted  froa  differ¬ 
ences  in  sise  of  wafers  end  a  single  chip. 


1 .  Clean  chip  using  Standard  Clean  process  and  220°  C  oven. 

2.  Preheat  second  oven  to  70°  C. 

3.  Remove  chip  froa  220°  C  oven  after  bakeout  and  allow  to  cool. 

4.  Blow  clean  with  M2  -  removes  surface  dust. 

9.  Apply  polylalde  adhesion  proaoter  (VM-691): 

-  puddle  on  ohlp,  allowing  it  to  spread  onto  chuck  - 

coats  the  sides  of  chip. 

-  allow  to  sit  for  9  see  -  Insures  good  contact  with  side 
of  chip. 

-  spin/spread  •  2  krpa  for  9  sec. 

-  spin  •  9  krpa  for  30  sec. 

6.  Apply  polylalde  (PI  2953): 

-  puddle  on  chip,  allowing  it  to  spread  onto  chuck  - 

coats  the  sides  of  chip. 

-  allow  to  sit  for  9  sec  -  insures  good  contact  with  side 
of  chip. 

-  spin/spread  •  2  krpa  for  9  seo. 

-  spin  •  6.9  krpa  for  30  seo. 

7.  Prehake  PI  2399  at  70°  C  for  20  alnutes,  I2  ambient  -  dries  the 
polylalde  without  ourlng;  place  in  oven  lnaedlately  to  alnlaise 
foraatlon  of  pinholes. 

8.  Remove  froa  oven,  and  allow  to  oool. 

9.  Blow  with  V2  ~  removes  surface  dust. 

10.  Apply  negative  photoresist  (Vayooat  Type  3,  28  CP): 

-  puddle  on  ohlp,  allowing  it  to  spread  onto  chuck  - 
coate  the  sides  of  chip. 

-  allow  to  sit  for  10  sec  -  Insures  good  contact  with 
side  of  ohlp. 

-  spin/spread  0  3.9  krpa  for  90  sec. 

11.  Prebake  photoresist  at  83°  C  for  20  alnutes,  K2  aablent. 


12.  Blow  oloan  with  V2. 

13.  Allen/ expos*  -  4.5  seconds  (lnoresse  to  4.6  after  3  coats). 

14.  Develop  photoresist: 

-  spin/spray  Xylene  •  1  krpn  for  8  sec. 

-  spin/ spray  Butyl  Acetate  •  1  krpn  for  if  sec. 

-  spin/blow  I2  •  1  krpa  for  3B  seo. 

15.  Examine  pattern  to  deteralne  if  additional  developing  required. 

16.  Ktch  the  polylalde: 

-  spin/spray  AZ551  (3:1)  t  1  krpn  for  6  seo. 

-  spin/spray  DIV  B  1  krpn  for  15  eee. 

-  spin/blow  with  l2  I  4  krpn  for  5B  sec. 

17.  Bxanlne  -  check  for  full  etch  without  PR  lifting  or  pattern 
breaking;  reacconpllsh  etch,  if  required. 

18.  Cure  at  15B°  C  for  2  hours.  N2  ambient  -  partial  cure  of 
polylnide . 


19.  Remove  photoresist  -  scrub  lightly  in  acetone  bath  with  a  cotton 
swab;  renoves  photoresist  layer  without  harming  polylnide  layer. 

2B.  Cure  at  188°  C  for  2  hours.  H2  ambient  -  full  cure  of 
polylalde;  required  prior  to  additional  coat  of  polylnide. 

21 .  Repeat  sohedule  for  a  nlnlnun  of  5  coats  -  start  with  step  4  If  no 
break  In  processing,  otherwise  start  with  step  1 . 


Schedule  #9:  Positive  PR  Process  for  Chin  Metallisation 

This  process  vss  used  to  expose  the  electrodes  on  the  ohlp  for 
■etalllzatlon,  using  AZ1 350J  positive  photoresist. 


1.  Clean  using  Standard  Clean  process  and  220°  C  oven. 

2.  Preheat  second  oven  to  70°  C. 

3.  Remove  wafer  from  220°  C  oven  after  bakeout  and  allow  to  cool. 

4.  Blow  clean  with  V2. 

3.  Apply  adhesion  promoter  (HMDS): 

-  puddle  on  chip,  allowing  It  to  spread  onto  chuck  - 

coats  the  sides  of  ohlp. 

-  allow  to  sit  for  3  sec  -  Insures  good  contact  with  side 
of  ohlp. 

-  spin/spread  •  2  krpsi  for  3  sec. 

-  spin  0  4  krpn  for  30  sec  -  dries  BHDS. 

6.  Apply  positive  photoresist  (A11JS0J): 

-  puddle  on  ohlp,  allowing  it  to  spread  onto  chuck  - 

coats  the  sides  of  ohlp. 

-  allow  to  sit  for  3  sec  -  Insures  good  contact  with  side 
of  ohlp. 

-  spin/ spread  •  4  krpm  for  30  sec. 

-  spin  •  4  krpm  for  30  sec. 

7.  Prebake  photoresist  -  70°  C  for  20  minutes. 

8.  Blow  clean  with  M2. 

9.  Align/ expose  -  30  seconds. 

10.  Develop  photoresist: 

-  spin/spray  AZ331  developer  (1:9  with  DIV)  t  1  krpm  for 
49  sec  -  spray  hard  occasionally  to  remove  PR  inside 
patterns. 

-  spin/spray  DIV  •  1  krpn  for  90  sec  -  stops  developer. 

-  spin/blow  I]  t  4  krpn  for  30  sec. 

11.  Examine  pattern  under  microscope  -  look  for  fully  developed  pattern 
In  the  array,  since  this  Is  the  only  portion  of  the  chip  which  will 
receive  metal. 

12.  If  not  fully  developed  repeat  step  10,  as  needed. 


Appendix  B 


Materials  Peed  and  Manufacturers 


Dupont:  -  Pyralln  Polylmide ,  PI-2559 

-  Adhesion  Promoter,  VM-651 

-  Thinner,  T-9935 

B.  I.  Dupont  de  Nemours  A  Co.  (Inc.) 
Wilmington,  DB  19898 


Mlcroposit:  -  Positive  Photoresist,  AZ1356J 

-  Positive  Photoresist  Developer,  AZ551 

Shipley  Co.,  Inc. 

Newton,  MA 


Vaycoat:  -  Negative  IC  Resist,  Type  5,  28  CP 

Philip  A.  Hunt  Chemical  Corp. 
Palisades  Park.  NJ  «765« 


SCM:  -  Positive  Photoresist  Adhesion  Promoter,  Hexamethyldlslllxane 
(HMDS) 


Organic  Chemicals  Division 
SCM  Corporation 


Three  bonding  diagrams  are  Included  in  this  appendix,  as  veil  as 


the  color  codes  for  the  Implantable  package  wiring. 

Bonding  Diagrams 

The  first  bonding  diagram,  shown  in  Figure  17,  is  for  the  unencap¬ 
sulated  chip  in  the  64-pln  package  used  in  the  first  test  in  Chapter 
IT.  The  second  bonding  diagram  (Figure  18)  is  for  the  two  encapsulated 
chips  in  64-pln  packages  used  in  the  second  test.  The  last  bonding 
diagram.  Figure  19,  is  for  the  Implantable  package  fabricated  using  the 
design  in  Chapter  II  and  procedure  in  Chapter  III.  This  figure  shows 
the  relationship  of  the  chip's  bonding  pads  to  the  wire  tops  of  the 
package.  The  color  coding  and  numbering  of  the  wires  as  connected  to 
the  brain  chip  are  shown  in  Table  IT. 

Implantable  Package  Wlr lng/ Connector  Coding 

The  connector  used  in  this  thesis  was  an  89-pin  microminiature 
connector  from  ITT  Canon  Electric  (see  Appendix  D).  Only  the  99  inner¬ 
most  wires  were  used  to  connect  the  chip  to  the  connector.  The  coding 
of  these  connections  is  listed  below,  showing  the  wire  number  and  pre¬ 
dominant  color/stripe  as  well  as  chip  function  (see  Figures  1  and  19). 


COWMgCTOR 

Wire  f  Wire  Color 


14  -  White/Orange 

15  -  White/Yellow 

16  -  Black 

1 7  -  Brown 

22  -  Blue 

23  -  Purple 

24  -  Gray 

25  -  Vtalte/Lt  Beige 

26  -  White/Black 

31  -  Black 

32  -  Brown 

33  -  Red 

34  -  Orange 

35  -  Yellow 
56  -  Green 

41  -  White/Black 

42  -  White/ Brown 

43  -  White/Red 

44  -  White/Orange 

45  -  White/Yellow 
5*  -  Yellow 

51  -  Green 

52  -  Blue 

53  -  Purple 

54  -  Gray 

55  -  White /Lt  Beige 
6*  -  White/Yellow 

61  -  Black 

62  -  Brown 

63  >  Red 

64  -  Orange 
69  -  Gray 

7*  -  White/Lt  Beige 

71  -  White/Black 

72  -  White/Brown 


BRAIN  CHIP 

Wire  f  Wire  Color  Function 


Brown 

Red 

White 

Lt  Blue 

Yellow 

Orange 

Dark  Blue 

Gray 

Black 

Brown 

Red 

White 

Lt  Blue 

Yellow 

Orange 

Dark  Blue 

Gray 

Black 

Brown 

Red 

White 

Lt  Blue 

Yellow 

Orange 

Dark  Blue 

Or  ay 

Black 

Brown 

Red 

White 

Lt  Blue 

Yellow 

Orange 

Dark  Blue 

Gray 


LPAD 

OUTPUTfl 6 

OUTPOT#1 5 

OUTPUTfl 4 

OUTPUTfl 5 

OUTPUTfl 2 

OUTPUTfl  1 

OUTPUTfl* 

OUTPUTf9 

OUTPUT #8 

OUTPUT f7 

OUTPUTf6 

OUTPUT#5 

0UTPUT#4 

OUTPUTf5 

0UTPUT#2 

OUTPUTfl 

VDD 

ROWf  1 3 

BYO 

CON 

T8* 

T81 

TS2 

T83 

CS* 

C81 

CS2 

SYI 

ROWf9 

CUC 

♦l 

♦2 

ROWf  1 
GND 


.v  >  v-  .•* 


Specification*  for  the  85-Pin  end  55-Pin  CaBi>«etaf« 

The  connector  ueed  In  thle  theeie  wee  the  ITT  Cannon  Electric  85- 

pin  microminiature  oonneetor.  It  is  composed  of  a  plus  (Figure  2f)  and 

receptacle  (Flglre  21),  with  the  following  stock  numbers: 

plug  -  MIKM6-5-85-PH054 
receptacle  -  MIKM9-5-85-SH954 


Figure  20.  85-Pln  Microminiature  Plug 

The  connector  which  should  be  used  for  further  research  Is  the  55-pin 
connector  by  ITT  Cannon  Electric,  with  the  following  stock  numbers  and 
prices: 

plug  -  MIMK6-4-55-PH001  -  8157.00  each 
receptacle  -  MIXM0-4-55-SH001  -  $186.00  each 

The  85-pln  connector  was  used  for  this  thesis  due  only  to  its 


availability.  The  specifications  for  the  85-pln  connector  are  very 


Figure  22.  55-Pin  and  85-Pin  Contact  Arrangements 

close  to  those  for  the  55-pin  connector,  as  seen  in  Table  V 
contact  arrangement  for  both  is  shown  in  Figure  22. 


Table  V 


Microminiature  Connector  Shell  Dimensions 
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PLUG 

PLUG 

1 

Size  4 

-  1  - 

RECEPTACLE 

nrt  NnaMr 

< 

i 

1  L 

ky  SMI  Sin 

Tkraai 

Max.  Max. 

X.-241WEF25 
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4 

F  N 

if  simh  sizt  Titrta* 

■ 

Max.  ±.OM|as] 

MIKM0-1-7S  X.-24UNEF-2A  .325(8.28) 

MLT: >TgET|MMMr>T  71 WL- '  M 

MIKMM-S5S  H-24UNEF-2A  .625(15.88) 
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kySMI  SM 
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.580(14.73) 
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This  appendix  oontains  a  report  written  by  Robert  Ballentine  ae 
part  of  his  course  work  for  a  VLSI  design  course  at  the  Air  Force 
Institute  of  Technology.  The  appendleles  for  the  report  have  not  been 
included  as  appendleles.  The  two  coaputer  programs,  formerly  Appendix 
A  of  the  report,  have  been  Included  at  the  end  of  the  report.  The 
computer  generated  plots,  formerly  Appendix  B  of  the  report,  contain 
the  same  information  found  in  Figures  1  and  2  of  this  thesis.  The 
figures  and  tables  in  the  report  were  renumbered  to  agree  with  the 
figure  numbering  of  this  thesis.  The  tables  in  the  report  appear  at 
the  end  of  the  report,  prior  to  the  coaputer  programs. 


BRAIN  CHIP  ARRAY 
with 

COUNT  SELECTABLE  MULTIPLEXER 


INTRODUCTION: 

A  brain  chip  array  is  designed  to  be  implanted  Inside  the  skull  of  a 
living  biological  specimen,  where  the  array  electrodes  contact  the 
brain,  detecting  electrical  signals.  These  signals  are  than  trans¬ 
mitted  by  wire  through  the  skull  to  an  external  recording  device. 

Without  any  multiplexing,  an  individual  wire  would  be  required  for 
each  electrode.  Thus,  a  16  X 16  array  would  require  256  wires,  which 
is  an  unmanageable  number  of  wires  and  must  be  reduced.  By  multi¬ 
plexing  the  sixteen  rows  to  sixteen  parallel  column  outputs,  the  num¬ 
ber  of  wires  is  reduced  to  sixteen.  Finally,  by  multiplexing  the  six¬ 
teen  column  outputs  to  a  single  serial  output  string,  the  number  of 
wires  can  be  reduced  to  one.  This  figure  does  not  take  into  account 
the  other  wires  required  to  input/output  various  signals,  power,  and 
ground.  Future  brain  chip  designs  may  eventually  eliminate  all  wires; 
however,  that  issue  will  not  be  further  addressed  here. 

In  addition  to  reducing  the  total  number  of  wires;  there  are  three 
sine  criteria  that  have  to  be  met.  First,  the  overall  dimensions  of 
the  chip  should  not  exceed  1/4  X  1/4  Inches.  This  is  a  result  of 
placing  a  flat  chip  on  the  curved  brain  surface.  If  the  chip  is  too 
large,  the  edges  will  not  be  in  full  contact  with  the  brain  surface, 
resulting  in  lost  or  erroneous  signals.  Second,  it  is  theorized  that 
the  portion  of  the  brain  in  interest,  the  visual  cortex,  is  composed 
of  basic  computing  elements  (BCE)  with  a  diameter  of  approximately 
250  microns.  It  is  this  diameter  that  determines  the  center  to  center 
spacing  of  the  electrodes  in  the  array,  which  for  the  present  time  are 
established  at  250  microns.  Third,  the  sine  of  the  electrode  surface 
contacting  the  brain  needs  to  be  varied  in  order  to  determine  the  actual 
size  of  the  BCE.  This  is  accomplished  by  maximizing  the  electrode  area 
and  then  making  the  exposed  area  the  desired  size  by  applying  polyimlde 
and  etching  out  the  unwanted  material  through  a  photolithographic 
process. 

The  objective  of  this  project  then  was  to  design  a  VLSI  nMDS  multiplexer 
within  the  size  limitations,  using  Stanford  University's  Thip  Layout 
language  (CLL)",  "UNIX  Programmer's  Manual",  and^AO'unMGS  Cell  lib¬ 
rary",  and  Berkeley  University's  CAD  Toolbox  User's  Manual",  with  the 
resulting  multiplexer  being  used  in  conjunction  with  future  generation 
AFIT  brain  chip  electrode  arrays.  The  need  for  this  multiplexer  design 
arose  when  it  was  determined  that  a  JFET  multiplexer,  previously  designed 
for  the  brain  chip,  would  not  work  due  to  numerous  design  implementation 
errors.  Since  a  total  redesign  of  the  multiplexer  was  to  be  accomplished 
it  was  decided  to  include  a  feature  the  previous  multiplexer  did  not 
have;  a  selectable  counter  whose  outputs  would  input  to  the  multiplexer, 
providing  a  capability  of  selecting  different  sequences  of  multiplexer 
selected  outputs.  In  addition,  a  decision  was  made  to  Incorporate  a 
nMDS  brain  chip  array  with  the  multiplexer  circuitry  in  the  mim  <«««» 
as  the  original  JFET  multiplexer  was  to  be  incorporated  with  a  JFET  brain 


chip  array.  The  program  that  generated  the  device  can  he  seen  in  Appendix 
A,  with  the  resulting  plot  of  the  device  in  Appendix  B. 

The  purpose  of  this  multiplexer  is  to  select  one  of  n-rows  of  the  array, 
providing  m- column  outputs.  While  the  multiplexer  is  designed  with 
outputs,  the  count  selectahlllty  and  the  basic  chip  layout  allows 
the  user  considerable  flexibility  in  the  size,  number,  and  type  of  arrays 
to  be  used.  Another  feature  that  is  presently  being  designed,  but  not 
Included  in  this  project,  is  the  multiplexing  of  the  sixteen  column  out* 
puts,  as  well  as  the  sixteen  rows. 


CHIP  OPERATION: 

The  following  is  a  description  of  how  to  Interface  the  multiplexer  chip 
to  the  outside  world.  Refer  toTigure  1,  'Block  Diagram  of  System",  and 
Appendix  B,  CLL  Layout”,  for  location  of  specific  pads  and  operating 
sections. 

POWER  AND  GROUND  PADS:  This  particular  chip  can  be  wired  to  either  OV 
to  gnd  and  +5V  to  Vdd,  or  -5V  to  gnd  and  OV  to  Vdd.  However,  if  the 
multiplexer  is  detached  from  the  nM3S  array  and  used  with  a  JFET  array, 
gnd  must  be  wired  to  -5V  and  Vdd  to  OV. 

CLOCK  PAD:  Any  single-phase,  TTL  compatible  dock  may  be  input  to  gen¬ 
erate  the  two-phase,  non-invert ed,  non-overlapping  dock  signals  required 
to  dock  the  Inputs  and  outputs  of  the  circuitry. 

PHASE  1  AND  PHASE  2  PADS:  These  pads  allow  by-passing  the  dock  input 
pad,  and  inputting  the  two  dock  phases  separately.  This  is  a  ’Tall-back'' 
design  in  the  event  the  clock  pad  does  not  function  properly  (see  Testing). 
If  the  two  phases  are  input  through  these  pads,  the  clock  pad  input  must 
be  allowed  to  float. 

SYNC  IN,  AND  COUNT  STATES  2,  1,  AND  (h  These  pads  input  the  TTL  levd 
control  signals  to  the  oounter  and  decoder  (see  block  diagram  descriptions). 

TEST  PADS  3, 2, 1,  AND  0,  AND  CONTROL  PAD:  Thses  are  four  tri-state  buf¬ 
fer  pads  and  their  Input/output  control  pad,  which  are  used  in  testing 
only  (see  testing). 

SYNC  OUT  PAD:  This  pad  outputs  the  sync  out  signal  to  an  external  record¬ 
ing  device  and  provides  the  sync  in  input  to  slave  multiplexers,  if  used 
(see  block  diagram  description). 


BLOCK  DIAGRAM  DESCRIPTION: 

BRAIN  CHIP  ELECTRODE  ARRAY  DESIGN  AND  OPERATION:  The  brain  chip 
array,  or  Just  array,  consists  of  256  metal  electrode  pads  in  a  sixteen 
row  by  sixteen  column  matrix,  and  a  ground  plane  that  extends  along  the 
top  and  right  hand  side  of  the  array.  Each  pad  is  connected  to  its  respec¬ 
tive  column  output  line  through  a  pass  transistor,  with  each  row  of  pass 
trasisistors  connected  to  one  of  the  multiplexer  outputs.  Whenever  one  of 


the  multiplexer  lines  Is  selected,  that  line  goes  high,  turning  on  all 
the  pass  transistors  connected  to  that  line.  The  detected  brain  signals 
can  then  pass  along  the  column  output  lines  to  the  output  pads  and  on  to 
an  external  recording  device.  The  ground  plane  is  one  long  metal  pad 
covering  a  slightly  larger  diffused  area.  Wth  this  pad  In  contact  with 
the  brain,  the  brain  and  the  chip  substrate  have  a  common  ground  plane. 

The  vertical  row  of  sixteen  large  pads,  between  the  array  and  the  multi¬ 
plexer,  and  the  horizontal  row  of  sixteen  large  pads  along  the  bottom 
of  the  array  are  bonding  pads  for  the  array.  The  seventeenth  pad  along 
thB  bottom  Is  the  ground  plane  bonding  pad.  In  normal  use,  the  bottom 
row  of  pads  are  wired  to  the  outside  world,  and  the  vertical  row  of  pads 
serve  no  functional  purpose.  If  the  user  wishes  to  use  a  different  type 
of  array,  however,  the  chip  can  be  scribed  and  broken  between  the  ver¬ 
tical  row  of  pads  and  the  array,  with  the  pads  now  providing  a  point  at 
which  to  wire  bond  the  multiplexer  outputs  to  the  new  array. 

The  significantly  large  distance  between  the  vertical  row  and  horizontal 
row  of  pads,  and  the  array  serves  two  purposes.  First,  the  vertical  row 
Is  separated  from  the  array  to  allow  sufficient  room  to  scribe  and  break 
the  chip,  if  desired.  Second,  once  all  wires  have  be  connected  to  the 
appropriate  pads,  polylmide  (a  passivating  material)  is  applied  to  all 
exposed  pads,  except  the  array  pads  and  ground  plane.  The  polylmide  is 
fluid  and  will  flow  slightly  until  it  has  set  up.  The  distance  between 
the  pads  and  the  array  therefore  allows  enough  room  for  the  polylmide 
to  flow  without  covering  the  array. 

COUNTER  DESIGN  AND  OPERATION:  The  counter  is  a  finite  state  machine 
implemented  as  a  program  logic  array  (PLA),  consisting  of  eight  inputs 
and  four  outputs.  The  Inputs  are  sync  in  (SYI),  count  state  2  (CS2), 
count  state  1  (CS1),  and  count  state  0  (CSO),  plus  four  output  feed¬ 
back  loops  which  become  present  state  3  (PS3),  present  state  2  (PS2), 
present  state  1  (PS1),  and  present  state  0  (PSO).  The  focr  outputs, 
next  state  0  (NSO),  next  state  1  (NS1),  next  state  2  (NS2),  and  next 
state  3  (NS3),  In  addition  to  feeding  back  into  the  counter  PLA,  also 
input  to  the  multiplexer  and  decoder. 

The  SYI  signal,  when  low,  enables  the  counter  to  count  through  the  range 
determined  by  the  three  CS  Inputs.  When  SYI  Is  high,  the  counter  Is  pre¬ 
set  to  the  lowest  count  of  the  range  determined  by  the  CS  Inputs.  In 
single  multiplexer  operation,  SYI  could  be  tied  low,  always  enabling 
the  counter,  or  tied  to  a  signal  input,  effecting  a  reset  whenever  the 
signal  goes  high. 

In  multiple  operation,  two  or  more  multiplexer  chips  cascaded  in  parallel, 
one  chip  serves  as  the  master  with  the  other  chip(s)  as  slaves.  The 
master  SYI  functions  as  above,  with  the  slave’s  SYI  tied  together  and 
connected  to  the  master  sync  out  (described  in  decoder  section).  IMth 
this  configuration,  all  slaves  will  be  preset  to  the  same  count  state 
whenever  their  SYI  goes  high.  This  insures  that  all  slaves  will  start 
a  selected  count  sequence  in  the  proper  count  state. 

The  CS  inputs,  In  conjunction  with  SYI  and  NS  Inputs,  determine  what  the 
selected  count  sequence  will  be  as  shown  in  Table  L  A  synopsis  of  Table 


I  Is  shown  below. 
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As  one  can  see  from  Table  I,  the  counter  counts  sequentially  through  the 
count  states  defined  by  the  CS  Inputs.  The  counter  will  continue  count¬ 
ing  until  SYI  goes  high  (if  the  option  is  used),  or  until  a  new  count 
sequence  is  defined  by  the  CS  inputs.  One  can  also  note  that,  if  the 
counter  Is  In  a  count  state  not  within  the  range  of  the  count  sequence, 
on  the  next  count  the  next  state  will  be  the  lowest  count  state  of  the 
defined  count  sequence. 


The  counter  docking  scheme  Is  to  dock  the  eight  Inputs  Into  the  PIA 
Input  buffers  during  phase  1  (PHI)  and  to  dock  the  four  outputs  into 
the  PIA  output  buffers  during  phase  Z  (PH2).  Originally,  the  counter 
was  designed  without  clocking  the  outputs,  In  order  that  the  signals 
would  propagate  through  the  circuit  at  maximum  speed.  It  was  discovered 
during  tasting,  however,  that  the  feedback  loops  were  in  a  race  condit¬ 
ion  and  the  counter  would  not  count  properly.  This  situation  was  cor¬ 
rected  by  adding  the  docked  output  buffers. 


DECODER  DESIGN  AND  OPERATION:  The  dacoda  Is  implemented  as  a  PIA  con 
slating  of  seven  Inputs  and  one  output.  The  Inputs  are  N50,  N51,  NS2, 
and  NS3  from  the  counter  PLA,  end  CSO,  CS1,  ad  CS2  from  the  Input  sig¬ 
nals.  The  output  Is  sync  out  (SYD),  which  goes  to  a  output  ped. 

The  CS  ad  NS  inputs  determine  when  the  SYO  signal  goa  high,  a  shown 
in  Table  IL  Depending  on  the  count  sequence,  a  defined  by  the  CS 
signals,  the  SYO  goa  high  whenever  the  NS  inputs  are  in  the  highest 
count  state  of  the  defined  oount  sequence. 

The  SYO  performs  two  functions.  First,  a  a  master  timing  signal  to  a 
external  recording  device,  It  provida  the  user  with  a  visual  indication 
between  the  end  of  one  oount  sequence  and  the  of  the  next 


count  sequence.  Second,  as  mentioned  In  the  counter  function,  the  SYO 
of  a  starter  can  be  tied  to  the  SYI  of  any  slaves,  resulting  in  all 
slave  counters  being  forced  to  a  predefined  next  state,  regardless  of 
their  present  state.  This  insures  that  if  any  slave  somehow  gets  out 
of  the  proper  count  state,  it  will  be  forced  back  into  the  correct  state 
at  the  beginning  of  the  next  count  sequence. 

The  decoder  clocking  scheme  is  simply  to  clock  the  SYO  into  the  decoder 
output  buffer  during  PH2.  Since  there  is  no  feedback  loop  in  the  de¬ 
coder,  not  docking  the  Inputs  does  not  interfere  with  the  proper  de¬ 
coder  operation. 

MULTIPLEXER  DESIGN  AND  OPERATION:  The  multiplexer  is  implemented  as  a 
FLA,  consisting  of  four  inputs,  and  sixteen  outputs.  The  inputs  are 
N50,  NS1,  NS2,  and  NS3  from  the  counter  PLA.  The  outputs  are  selected 
out  0  (SOO)  through  S015,  which  go  to  the  respective  rows  of  the  brain 
chip  electrode  array. 

The  next  state  inputs  to  the  multiplexer  select  the  corresponding  SO 
line,  as  shown  in  Table  HL  The  selectable  count  mechanism  thus  allows 
the  flexibility  of  selecting  what  portion  of  the  array  are  to  be  mon¬ 
itored.  In  addition,  due  to  the  layout  of  the  chip,  one  has  the  cap¬ 
ability  of  seperating  the  multiplexer  side  of  the  chip  from  the  array 
side  (by  scribing  and  breaking),  and  subsequently  using  the  multiplexer 
with  other  arrays  of  different  sizes  and  technologies  (Le.  JFET  array 
with  nM3S  multiplexer). 

The  clocking  scheme  for  the  multiplexer  is  si  miliar  to  that  of  the  decoder; 
only  the  outputs  are  docked.  Again,  with  no  feedback  loops,  no  problem 
should  arise  from  not  clocking  the  inputs. 


TESTING  THE  MDLTTFIEXER  CIRCUITRY: 

An  important  aspect  in  designing  a  prototype  VLSI  circuit  is  to  indude 
components  required  for  testing  the  various  modules  and  circuitry  on 
the  chip.  This  allows  testing  without  having  to  place  the  chip  in  the 
particular  circuit  configuration  for  which  the  chip  was  designed. 

The  brain  chip  multiplexer  was  implemented  for  testing  purposes  with  four 
tri-state  devices  that  allows  isolating  the  counter  from  the  decoder  and 
multiplexer.  The  Isolation  Is  accomplished  by  running  the  NS  wires  from 
the  counter  PLA,  through  the  tri-state  devices,  and  then  to  the  multiplexer 
end  decoder  modules.  With  a  low  applied  to  the  tri-state  control  (CON) 
pad,  the  tri-state  devices  are  disabled  and  appear  as  an  Infinite  Imped¬ 
ance  whan  looking  into  the  Input  lines.  The  devices  can  now  be  used  as 
input  pads.  By  applying  the  CS  signals  is  the  usual  manner,  and  applying 
psuedo-NS  test  signals  to  the  tri-state  pads,  the  operation  and  output 
of  the  multiplexer  and  decoder  can  be  observed  without  interference  from 
the  counter.  Wth  e  high  applied  to  CON,  the  tri-state  devices  operate 
normally,  and  can  be  used  to  monitor  the  NS  outputs  of  the  counter  PLA. 

To  test  the  operation  of  the  chip,  Berekleys  Event  Driven  Switch  Level 
Simulator  (ESIM)  was  used.  Wien  ESIM  was  first  executed,  the  program 
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would  not  return  to  the  interactive  mode.  This  was  an  indication  that 
some  part  of  the  test  circuitry  was  constantly  changing.  Further  in¬ 
dication  of  the  circuit  not  settling  was  obtained  by  interupting  the 
program,  and  observing  the  output  file.  Everything  in  the  output  file 
was  undefined.  It  was  suspected,  even  at  this  point,  that  something 
was  wrong  with  the  counter  PLA,  but  at  the  same  time,  confidence  in  run¬ 
ning  E SIM  was  not  at  its  highest. 

Further  tasting  was  performed  using  ESIM  and  the  tri-state  pads  as  input 
devices.  Under  these  test  conditions,  the  decoder  and  multiplexer  were 
found  to  produce  the  desired  output  for  any  given  input.  This  really 
got  us  looking  at  the  counter.  Now  testing  was  performed  using  ESIM  and 
the  tri-state  pads  to  monitor  the  output  of  the  counter  PLA.  What  was 
observed  did  not  make  any  sense  at  all  until  it  was  pointed  out  that 
the  circuit  was  not  settling  due  to  feedback  loops  being  in  a  race  con¬ 
dition.  At  this  point,  the  counter  PLA  module  was  modified  to  include 
clocked  output  buffers  (as  described  earlier),  and  testing  continued. 

With  the  addition  of  the  clocked  outputs,  the  counter  was  now  observed 
to  count  only  the  odd  (1,  3,  S,  etc)  states,  but  at  least  it  was  count¬ 
ing.  After  much  thought  and  frustration,  it  was  felt  that  the  only  way 
this  odd  count  could  occur,  would  be  if  there  was  something  wrong  with 
the  clock  pad. 

Using  ESIM  to  monitor  the  output  phases  of  the  clock  pad,  while  Input  ing 
a  clock  signal,  did  not  show  anything  wrong  with  the  clocking  mechanism. 
However,  by  by-passing  the  clock  pad,  and  introducing  the  two  dock 
phases  through  two  added  input  pads  (PHI,  PH2),  the  counter,  multiplexer, 
and  decoder  were  found  to  operate  perfectly.  The  suspisdons  now  are 
that  ESIM  can  not  aocomadate  the  two  phase  docking  mechanism.  Somehow 
it  seems  that  the  two  phases  of  the  dock  pad  are  both  high  for  a  brief 
period  of  time  when  simulated  using  ESIM  One  of  the  tests  to  be  per¬ 
formed  next  quarter,  will  be  to  input  a  true  TTL  clock  and  observe  the 
the  two  phases  output.  It  is  believed  at  this  point  that  the  dock  pad 
will  function  as  it  was  designed,  and  will  not  create  any  testing  prob¬ 
lems.  However,  should  the  dock  pad  prove  to  be  defective,  the  two 
pads  PHI  and  PH2  can  be  used  to  input  the  required  dock  phases. 

The  input  file  to  ESIM  and  the  resulting  output  file  can  be  seen  in 
Appendices  D  and  E.  In  addition,  the  CLL  file  used  to  produce  the 
simulation  ".df"  file  is  in  Appendix  C.  This  file  is  different  from 
Appendix  A  only  in  the  three  underlined  statements  on  the  first  page. 

A  duplicate  file  was  used  in  the  event  It  got  wiped  out  by  some  un¬ 
foreseen  mishap. 


CONCLUSIONS: 

It  appears  that  the  multiplexer  circuit  works  as  designed,!!  only  through 
limited  static  testing  using  ESIM  Dynamic  testing  will  be  performed  when 
fabricated  devices  are  available. 

ADVANTAGES  OF  THE  DESIGN:  There  are  two  distinct  advantages  resulting 
from  the  way  the  circuit  is  designed.  First,  the  multiplexer  circuitry 
can  be  easily  separated  from  the  brain  chip  array,  and  used  with  other 
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arrays.  While  the  multiplexer  is  designed  with  sixteen  output  lines, 
the  count  selectable  feature  allows  the  multiplexer  to  interface  other 
arrays  without  modification  (except  separating)  or  additional  external 
hardware.  The  second  advantage  is  that  the  counter,  decoder,  and  multi¬ 
plexer  are  individual  modules,  which  aided  In  the  troubleshooting  Iso¬ 
lation.  Additionally,  by  being  separate  modules,  the  three  devices  were 
"stacked",  thereby  requiring  less  room  than  If  one  large  FLA  containing 
everything  had  been  designed. 


Table  VI .  Counter-  PLA  Term* 


\.i  8  /*  Defines  8  inputs  to  Counter  PLA  */ 

\.o  4  /*  Defines  4  outputs  froe  Counter  PLA  */ 

\.p  IIP  /*  Defines  119  product  teres  of  Counter  PLA  */ 

in  out 


syi 


00000001  0100 
00000010  1100 
00000011  0010 
00000100  1010 
00000101  0110 
00000110  1110 
00000111  0001 
00001000  1001 
00001001  0101 
00001010  1101 
00001011  0011 
00001100  1011 
00001101  0111 
00001110  1111 
00001111  0000 
00010000  1000 
00010001  0100 
00010010  1100 
00010011  0000 
00010100  0000 
00010101  0000 
00010110  0000 
000101 11  0000 
00011000  0000 
00011001  0000 
00011010  0000 
00011011  0000 
00011100  0000 
00011101  0000 
00011110  0000 


ooon ni  oooo 
00100000  0010 
00100001  0010 
00100010  0010 
00100011  0010 
00100100  1010 
00100101  0110 
00100110  1110 
00100111  0010 
00101000  0010 
00101001  0010 
00101010  0010 
00101011  0010 
00101100  0010 
00101101  0010 
00101110  0010 
00101111  0010 
00110000  0001 
00110001  0001 
00110010  0001 
00110011  0001 
00110100  0001 
00110101  0001 
00110110  0001 
00110111  0001 
00111000  1001 
00111001  0101 
00111010  1101 
00111011  0001 
00111100  0001 
00111101  0001 
00111110  0001 
00111111  0001 
01000000  0011 
01000001  0011 
01000010  0011 
01000011  0011 
01000100  0011 
01000101  0011 
01000110  0011 
01000111  0011 
01001000  0011 
01001001  0011 
01001010  0011 
01001011  0011 
01001100  1011 
01001101  0111 
01001110  1111 
01001111  0011 
01010000  1000 
01010001  0100 
01010010  1100 
01010011  0010 
01010100  1010 
01010101  0110 
01010110  1110 
01010111  0000 
01011000  0000 
01011001  0000 
01011010  0000 
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01011011 

01011100 

01011101 

01011110 

01011111 

01100000 

01100001 

01100010 

01100011 

01100100 

01100101 

01100110 

01100111 

01101000 

01101001 

01101010 

01101011 

01101100 

01101101 

01101110 

01101111 

1000 - 

1001 - 

1010 - 

1011 - 

1100 - 

1101 - 

1110 - 

\.e 

X 


/%  Defines  the  end  of  the  file  */ 
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Table  Til.  Decoder  PLA  terms 


\  e  i 

7 

/* 

Defines 

\*o 

1 

/% 

Defines 

\.P 

7 

/« 

Defines 

in  out 

7  inputs  to  Decoder  PLA  */ 

1  output  fro*  Decoder  PLA  */ 

7  product  teres  of  Decoder  PLA  */ 


nsO 

nsl 

ns2 

ns3 

cs2 

csl 

csO 

Isyo 

1 

1100001  1 
1110010  1 
1101011  1 
1111100  1 
1110101  1 
1111110  1 
•  e 


/*  Defines  the  end  of  the  file  */ 
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pro j sot. oil 

. . * . 

This  oil  progrsm  generates  the  oil  plot  for  the  single  Multi¬ 
plexer  ohlp.  To  run  this  partloular  progrUt  type: 

oil  <swlteh  options)  projeot.oll  oo*b_pla.olf 


/*  Inolude  external  definitions  for  library  oells  •/ 

finclude  ”/usr/llh/loeal/s_ext.oll” 

/•  Define  external  reference  to  pla  9*1,  9*2,  9*3  */ 

external  a991  (elf  991  bounds  — 15, •  164,65)  /•  Decoder  •/ 

external  a9f2  (elf  9*2  bounds  — 15,fl  256,143)  /•  Multiplexer 
external  a9f5  (olf  9*3  bounds  — 15,6  294,311)  /•  Counter  */ 

braln_chip 

( 

wire  poly  — 467, — 427  w  2  u  2; 
wire  poly  3818,2766  w  2  u  2; 

/*  Insert  the  16  X  16  brain  ohlp  eleotrode  array  */ 


Iterate  16,16  125.125 
eleotrode  (1159,649); 

/*  Insert  the  brain  ohlp  row  select  bonding  pads  •/ 

Iterate  1,16  641,125 
r  bonding  pads  ( 599 , 661 ) ; 

/*  Insert  the  brain  chip  column  output  and  ground  plane 

bonding  pads  •/ 

Iterate  17,1  125.641 

c  bonding  pads  (1159,9); 

/*  Insert  the  brain  chip  ground  plane  "/ 

wire  dlff  5154,649  w  8  u  4  r  7; 
wire  dlff  3219.5,649  w  115  u  2967.5  1  2969.5; 
wire  out  5219.5,641  w  113  u  2966.5  1  2959.5; 
wire  metal  5219.5,649  w  115  u  2967.5  1  2969.5; 
wire  glass  5219.5,641  w  113  u  2966.5  1  2959.5; 

/*  Insert  the  Input,  output,  vdd,  and  gnd  pads  */ 

/*  Insert  the  trl-state  oontrol  signal  pad  */ 


iterate  1,1  152, If* 

NInS  (0,150*  rotate  5); 

/•  Coaaeot  control  pad  output  to  trl-atate  pada  •/ 

wire  aetal  152,15*5  w  4  r  50  u  480:  /•  Control  signal  bus  •/ 

wire  poly  170,1485  w  2  r  12 

aetal  w  4  d  2;  /«  Trl -State  0  (T80)  to  oontrol  signal  bus  */ 

wire  poly  170,1585  w  2  r  12 

aetal  w  4  d  2;  /•  Tri-State  1  (T81 )  to  control  signal  bus  */ 

wire  poly  170,1685  w  2  r  12 

aetal  w  4  d  2;  /*  Tri-8tate  2  (TS2)  to  oontrol  eignal  bus  */ 

wire  poly  170,1785  w  2  r  12 

aetal  w  4  d  2;  /*  Tri-State  5  (TS5)  to  control  signal  bus  •/ 

/•  Insert  the  tri-state  test  pads  */ 

iterate  1,4  170,100 

NTrlStateS  (0,14*0  rotate  5  flip  ud); 

/*  Insert  the  Counter  input  signals  (Sync  In,  CS2,  C81 ,  C80)  pads  •/ 

Iterate  1,4  152,10* 

NIn8  (0,18*0  rotate  5): 

/•  Connect  signal  input  pada  to  Counter  and  Decoder  inputs  */ 
wire  dlff  189.2285  w  2  d  2 

aetal  w  4  d  176  1  57;  /*  Sync  In  (8YI)  to  Counter  •/ 

wire  dlff  205.2285  w  2  d  2 

aetal  w  4  d  276  1  75;  /*  Control  Select  2  (CS2)  to  Counter  */ 

wire  dlff  221,2285  w  2  d  2 

aetal  w  4  d  576  1  89;  /*  Control  Select  1  (CS1)  to  Counter  */ 

wire  dlff  257,2285  w  2  d  2 

aetal  w  4  d  476  1  105;  /*  Control  Select  0  (C80)  to  Counter  */ 

wire  dlff  122,2005  w  4  r  155 
aetal  w  4  d  755  1  15*  d  25 
dlff  w  4  d  22 

aetal  w  4  d  556  r  45  d  74  r  65 

poly  w  2  r  5;  /*  Control  8elect  2  (CS2)  to  Decoder  •/ 

wire  dlff  122,19*5  w  4  r  159 
aetal  w  4  d  655  1  128  d  45 
diff  w  4  d  22 

metal  w  4  d  566  r  49  d  80  r  75 

poly  w  2  r  5;  /*  Control  Select  1  (CS1)  to  Decoder  •/ 

wire  dlff  122,1805  w  4  r  125 
aetal  w  4  d  515  1  126  d  65 
diff  w  4  d  22 

aetal  w  4  d  576  r  55  d  86  r  85 

poly  w  2  r  5;  /*  Control  8elect  0  (CS0)  to  Decoder  •/ 

/*  Insert  the  non-inverting  two-phase  clock  pad  */ 
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ltsrats  1,1  179, If* 

HClk  (*,22*0  rotate  5}; 


/•  Connect  phase  two  to  Counter,  Multiplexer,  and  Decoder  clocked 
outputs  */ 

wire  aetal  177,2228  w  4  r  2 
poly  179.2228  w  4  r  129  d  2 
aetal  w  4  d  994 

poly  w  2  d  4  r  7  d  Ji  /*  Phase  2  (PH2)  to  Multiplexer  •/ 
wire  poly  9*8,2228  w  4  r  52  u  111  1  8;  /•  Phase  2  (PH2)  to  Counter  •/ 
wire  poly  919,1*87  w  4  d  1*  r  9* 

■etal  w  4  r  29  d  984 

poly  w  4  1  87  u  7;  /•  Phase  2  (PH2)  to  Decoder  •/ 

/*  Insert  Phase  1  (PHI)  and  Phase  2  (PH2 )  external  bonding  pads  */ 

iterate  1,2  1*6,1** 

NBlank  (*.29**  rotate  9); 

/*  Connect  Phase  1  (PHI)  external  bonding  pad  to  Phase  1  (PHI). 
Internal  */ 

wire  aetal  77.9.299*  w  4  r  2 
diff  w  4  r  9*. 9  d  96  r  47  d  8 
poly  w  2  d  2;  /*  Phase  1  (PHI)  */ 

/*  Connect  Phase  2  (PH2)  external  bonding  pad  to  Phase  2  (PH2) 
Internal  •/ 

wire  aetal  77.9,249*  w  4  r  2 
diff  w  4  r  99.9 

aetal  w  4  r  27  d  149  r  9*  d  42;  /•  Phase  2  (PH2)  •/ 

/•  Insert  the  Decoder  output  signal  (Sync  Out)  pad  */ 

iterate  1,1  149,1** 

M0ut8  (*,70*  rotate  9); 

/*  Insert  the  ground  pad  •/ 

Iterate  1,1  1**,1*6 

HOnd  (20*,266*  rotate  6); 

/*  Connect  all  pads'  ground  "/ 

wire  aetal  2**,2668  w  16  1  1*2  d  297*  r  2*2; 

/*  Insert  the  vdd  pad  */ 

iterate  1,1  1**,8* 

HVdd  (2**,*); 

/•  Connect  all  pads'  vdd  */ 
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wire  metal  288,4  w  8  1  196  u  2798  r  196; 

/•  Insert  the  oouater,  multiplexer,  and  decoder  plae  •/ 

Iterate  1 , 1 

counter  (164.2268); 

/•  Connect  Counter  outpute  to  trl-etate  lnputa.  and  trl-etate 

outpute  to  Multiplexer  and  Decoder  lnputa  •/ 

wire  aetal  259.2268  w  4  d  599 
diff  w  4  1  89 

poljr  w  2  1  2;  /*  Counter  lent  State  9  (H89)  to  Tri-State  9  (T89) 

input  •/ 

wire  aetal  168,1784  w  9  r  2 
diff  w  4  r  89 

aetal  w  4  d  424  1  127  d  59 

dlff  w  4  d  22 

aetal  w  4  d  251 

dlff  w  4  r  78  d  7 

aetal  w  4  d  156  r  55 

poly  w  2  r  5;  /*  Tri-State  5  (TS5)  output  to  Decoder  input  */ 

wire  aetal  269,2267  w  4  d  646 
dlff  w  4  1  99 

poly  w  2  1  2;  /•  Counter  Meat  State  2  (HS2)  to  Tri-State  2  (TS2) 

input  */ 

wire  aetal  168.1684  w  5  r  2 
diff  w  4  r  99 

aetal  w  4  d  544  1  129  d  55 
dlff  w  4  d  22 
aetal  w  4  d  241 
diff  w  4  r  74  d  17 
aetal  w  4  d  148  r  45 

poly  w  2  r  5;  /•  Tri-Btate  2  (T82)  output  to  Decoder  input  */ 

wire  aetal  285.2274  w  4  d  755 
dlff  w  4  1  115 

poly  w  2  1  2;  /•  Counter  lext  State  1  (MSI)  to  Tri-State  1  (T81) 

input  */ 

wire  aetal  168,1584  w  5  r  2 
diff  w  4  r  115 
aetal  w  4  d  264  1  151  d  15 
dlff  w  4  d  22 
aetal  w  4  d  251 
diff  w  4  r  78  d  27 
aetal  w  4  d  124  r  55 

poly  w  2  r  5;  /*  Tri-State  1  (TS1)  output  to  Decoder  input  */ 

wire  aetal  581 ,2281  w  4  d  868 
diff  w  4  1  151 

poly  w  2  1  2;  /*  Counter  Next  State  8  (MS8)  to  Tri-State  8  (TS8) 

input  */ 

wire  aetal  168,1484  w  5  r  2 
dlff  w  4  r  151 
aetal  w  4  d  174  1  148  d  5 
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dlff  w  4  d  22 
metal  w  4  d  221 
dlff  w  4  r  73  d  57 
met* '  v  4  d  1§8  r  23 

pol  >  *  t  5;  /*  Tri-State  •  (TSt)  output  to  Deooder  input  • 

wire  dlff  232.984  w  4  r  2 
metal  w  4  r  121  u  36 

poly  v  2  1  3;  /•  Tri -State  3  (TS3)  output  to  Multiplexer  */ 

wire  dlff  222,974  w  4  r  2 
metal  v  4  r  138  u  62  1  7 

poly  w  2  1  3;  /•  Tri -State  2  (TS2)  output  to  Multiplexer  */ 

wire  dlff  212.964  w  4  r  2 
metal  w4r155u88114 

poly  w  2  1  3;  /*  Tri-State  1  (TS1 )  output  to  Multiplexer  •/ 

wire  dlff  2*2.934  w  4  r  2 
metal  w  4  r  172  u  1 14  1  21 

poly  w  2  1  3;  /*  Tri -State  •  (TS*)  output  to  Multiplexer  */ 

/•  Connect  Counter  to  vdd  and  gnd  •/ 

wire  metal  349,2692  w  4  u  1*8  1  49;  /*  Vdd  •/ 

wire  metal  357,2637  w  4  u  25 
dlff  w  4  1  17 

metal  w  4  1  4fl;  /•  Qnd  */ 

iterate  1.1  248.213 
multiplexer  (17*,995  rotate  9); 

/*  Connect  Multiplexer  outpute  to  brain  chip  row  eelect  pade  •/ 
wire  poly  366,121*  w  2  r  4 

metal  w  4  r  2*  u  1328  r  119;  /*  Select  Out  *  (80*)  to  row  • 

wire  poly  366,12*2  w  2  r  4 

metal  w  4  r  3*  u  1211  r  1*9;  /•  Select  Out  1  (SOI)  to  row  1 

wire  poly  366,1194  w  2  r  4 

metal  w  4  r  4*  u  1*94  r  99;  /*  Select  Out  2  (802)  to  row  2  • 

wire  poly  366,1186  w  2  r  4 

metal  w  4  r  5*  u  977  r  89;  /*  Select  Out  3  (803)  to  row  3  */ 

wire  poly  366,1178  w  2  r  4 

metal  w  4  r  6*  u  86*  r  79;  /*  Select  Out  4  (S04)  to  row  4  •/ 

wire  poly  366,117*  w  2  r  4 

metal  w  4  r  7*  u  743  r  69;  /*  Select  Out  5  (S05)  to  row  5  */ 

wire  poly  366,1162  w  2  r  4 

metal  w  4  r  8*  u  626  r  59;  /*  Select  Out  6  (S06)  to  row  6  •/ 

wire  poly  366,1154  w  2  r  4 

metal  w  4  r  9*  u  5*9  r  49;  /*  Select  Out  7  (S07)  to  row  7  •/ 

wire  poly  566,1146  w  2  r  4 

metal  w  4  r  1**  u  392  r  39;  /*  Select  Out  8  (S08)  to  row  8  * 

wire  poly  366,1138  w  2  r  4 

metal  w  4  r  11*  u  275  r  29;  /*  Select  Out  9  (S09)  to  row  9  * 

wire  poly  366,113*  w  2  r  4 

metal  w  4  r  12*  u  158  r  19;  /*  Select  Out  1*  (SOI*)  to  row  10 


wire  polj  366.1122  v  2  r  4 

metal  w  4  r  139  u  41  r  9;  /*  Select  Out  11  <8011)  to  row  11 

wire  poly  366,1114  w  2  r  4 

metal  w  4  r  13*  d  76  r  9;  /*  Select  Out  12  (8012)  to  row  12  < 

wire  poly  366,1196  w  2  r  4 

metal  w  4  r  129  d  193  r  19;  /*  Select  Out  13  (8013)  to  row  13 

wire  poly  366,1998  w  2  r  4 

metal  w  4  r  119  d  319  r  29;  /*  Select  Out  14  (8014)  to  row  14 

wire  poly  366,1999  w  2  r  4 

metal  w  4  r  199  d  427  r  39;  /•  Select  Out  15  (8015)  to  row  15 

/•  Connect  Multiplexer  to  vdd  and  gnd  */ 
wire  metal  179,1212  w  4  1  59 
dlff  w  41  26 

metal  w  4  1  77;  /*  Tdd  */ 

wire  metal  185,1229  w  4  1  79;  /*  Qnd  */ 

Iterate  1,1  184,155 

decoder  (259,799  rotate  3); 

/*  Connect  Decoder  output  (8Y0)  to  output  pad  */ 

wire  poly  252,721  w  2  1  2 
metal  w  4  1  99  u  29  1  19 
poly  w  2  1  5; 

/*  Connect  Decoder  to  vdd  and  gnd  */ 

wire  metal  543,791  w  16  d  695  1  43;  /*  Qnd  */ 

wire  metal  564.798  w  4  d  4  w  8  d  799  1  64;  /*  Tdd  */ 


Tbla  Is  the  program  that  lays  out  the  brain  chip  array 
(16  X  16)  as  It  Interfaces  with  the  multiplexer,  and  the 
outside  world. 

. . . * . . . / 

electrode 


/*  Build  the  brain  chip  electrode  */ 

wire  metal  21.5,89  w  99  r  99; 

rect  22.5,36  88,88  glass; 

wire  metal  66.5,35  w  19  d  6; 

wire  dlff  66.5,35  w  19  d  19  w  8  1  9; 

wire  metal  61.5.14  w  8  1  57.5  d  14  u  125; 


rect  58. 5.11  2,6  oontaot; 
rect  62.5,3*  8,2  contact; 
wire  dlff  *,23  »  4  r  15  metal  w  4  r  43.5 

poly  w  4  r  2*  metal  w  4  r  43.5  dlff  w  4  r  5; 

) 

r  bonding  pads 

( 

/•  Build  the  brain  chip  bonding  pad  */ 

wire  dlff  *.23  w  4  1  5 
metal  w  4  1  636; 
rect  — 640,25  115,111  metal; 
rect  — 639,22  113,115  glass; 

) 

c_bondlng_pads 

( 

/*  Build  the  brain  chip  column  output  bonding  pads  */ 

wire  metal  4,*  w  8  u  645; 
rect  8,0  107,115  metal; 
rect  1,1  113.113  glass; 

} 

/ . * . 

This  is  the  program  that  generates  the  Counter  PLA, 
with  its  clocked  Input  "register"  and  unclocked  ouput 
"register”.  This  PLA  has  eight  Inputs  and  four  outputs. 

. . 

counter 

{ 

/*  Make  the  Counter  Pla  with  Input  and  output  buffers  */ 
a9*3  (20.20); 

/*  Insert  the  PlaClockln  modules,  which  make  clocked  input  register 

iterate  8,1  16,58 

PlaClockln  (55,-38); 


/*  Insert  the  PlsClockOut  nodules,  which  make  the  clocked  output 
register  */ 

iterate  2,1  16,53 

PlaC lockout  (176,-33); 

/*  Connect  PLA  Vdd  and  drivers  Vdd,  and  PLA  Ond  and  drivers  Ond  */ 

wire  netal  22,20  w  4  d  22  r  13; 
wire  netal  163, — 2  w  4  r  5  d  21  r  8; 
wire  netal  165,17  w  4  r  10  u  3  d  15  r  8; 
wire  netal  208,5  w  4  r  5  u  15; 

/*  Connect  feed  back  lines  */ 

wire  dlff  109, — 38  w  2  d  20  r  94  u  20 

poljr  w  2  u  5;  /*  Present  State  3  (PS3)  to  Next  State  3  (NS3 )  */ 

wire  dlff  109,— 56  w  2  d  2 

netal  w  4  d  5;  /*  Extend  PS3  */ 

wire  dlff  125,— 58  w  2  d  14  r  70  u  15 

poly  w  2  u  4;  /*  Present  State  2  (PS2)  to  Next  State  2  (NS2 )  •/ 

wire  dlff  125,— 50  w  2  d  2 

netal  w  4  d  3;  /*  Extend  PS2  */ 

wire  dlff  141  .—58  w  2  d  8  r  46  u  8 

poly  w  2  u  5;  /*  Present  State  1  (PS1)  to  Next  State  1  (NS1 )  */ 

wire  dlff  141,— 44  w  2  d  2 

netal  w  4  d  3;  /*  Extend  PS1  */ 

wire  dlff  157,— 38  w2d2r22u7 

poly  w  2  u  2;  /*  Present  State  0  (PS0 )  to  Next  State  0  (NS0 )  «/ 

wire  dlff  157,-38  w  2  d  2 

metal  w  4  d  3;  /*  Extend  PS0  */ 

> 


This  is  the  prog? an  that  nakes  the  Decoder  PLA, 
with  Its  unclocked  Input  "register”  and  clocked  output 
"register".  This  PLA  has  seven  Inputs  and  one  output. 

. . 

decoder 


/*  Make  Decoder  Pla  with  Input  and  output  buffers  •/ 
a901  (20,20); 

/*  Insert  the  Plain  modules,  vhlch  make  unclocked  input  register  * 

iterate  7,1  16,41 
Plain  (35,-21); 


/•Insert  the  PlaClockOut  nodule,  which  makes  clocked  output  register  */ 

iterate  1,1  16,57 
PlaClockOut  (160, — 55); 

/*  Connect  PLA  Vdd  and  drivers  Vdd,  and  PLA  Qnd  and  drivers  Qnd  */ 

wire  metal  22,20  w  4  d  22  r  15; 
wire  metal  147, — 2  w  4  r  5  d  21  r  8; 
wire  metal  147,17  w4  r  10  u  5  d  15  r  8; 
wire  metal  176,5  w  4  r  5  u  15; 
wire  poly  176,18  w  2  r  8; 

) 

/ . * . 

This  is  the  program  that  generates  the  Multiplexer  PLA, 
with  its  unclocked  input  "register*  and  clocked  output 
"register”.  This  PLA  has  four  inputs  and  sixteen  outputs. 

* . . . * . / 

multiplexer 

( 

/*  Make  Multiplexer  Pla  with  input  and  output  buffers  */ 
a902  (20,20); 

/*  Insert  the  Plain  modules,  which  make  unclocked  input  register  */ 

iterate  4,1  16,41 
Plain  (55,— 21); 

/•Insert  the  PlaClockOut  modules,  which  make  clocked  output  register  •/ 

Iterate  8,1  16,57 

PlaClockOut  (112,— 55); 

/•  Connect  PLA  Vdd  and  drivers  Vdd,  and  PLA  Qnd  and  drivers  Ond  •/ 

wire  metal  22,20  w  4  d  22  r  15; 
wire  metal  99, — 2  w  4  r  5  d  21  r  8; 
wire  metal  99,17  w  4  r  10u5d15r8; 
wire  metal  240,5  w  4  r  5  u  15; 
wire  poly  240,18  w  2  r  8; 


projectd.cll 


. . 

This  ell  program  generates  the  ell  plot  for  the  double  multi¬ 
plexer  chip.  To  use  this  program,  type: 

ell  < switch  options)  projectd.cll  comdjpla.clf  clkpad.clf 

. . 

/*  Include  external  definitions  for  library  cells  */ 

# Include  "/usr/llb/local/s.ext.cll" 

/*  Define  external  reference  to  pla  9*1 >  9*2,  9*3.  and  nodclock  9*4  •/ 

external  a9*1  (cif  9*1  bounds  — 15.*  180,63)  /*  Decoder  */ 

external  a9*2  (cif  9*2  bounds  — 15,*  256,143)  /*  Multiplexer  */ 
external  a9*5  (cif  9*5  bounds  —15,*  2*4,511)  /*  Counter  •/ 
external  a9*4  (cif  9*4  bounds  *,*  1fl*,179)  /*  Modified  NClk  pad  •/ 

brain_chip 

( 

wire  poly  — 391,99  w  2  u  2; 
wire  poly  5565.231*  w  2  u  2; 

/*  Insert  the  16X16  brain  chip  electrode  array  */ 

iterate  16,16  125,125 
electrode  (447,64*); 

/*  Insert  the  column  output  pad  and  ground  plane  pad  "/ 

Iterate  1,2  125,125 

c  bonding  pads  (0,456); 

/•  Insert  the  brain  chip  ground  plane  and  connect  to  pad  */ 

wire  dlff  2507.5.647  w  115  u  2*60.5  1  2060.5; 
wire  out  25*7.5,648  w  113  u  2059.5  1  2059.5; 
wire  metal  2507.5,647  w  115  u  2060.5  1  2060.5; 
wire  glass  2507.5.648  w  113  u  2059-5  1  2059.5; 
wire  metal  115,464  w  16  r  2343  u  183; 

/*  Insert  the  column  output  lines  and  connect  to  the  output  pad  */ 

iterate  16,1  125,156 
lines  (447,488); 

wire  metal  115,589  w  16  r  13  d  105  r  2202; 

/*  Insert  the  vdd  pad  */ 
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Iterate  1.1  80,100 

HVdd  (0,740  rotate  3); 

/*  Insert  the  ground  pad  */ 

Iterate  1,1  100,106 

NOnd  (246,266#  rotate  6); 

/*  Insert  the  Input  signals  (Syne  In,  CS2,  CS1 ,  C80)  pads  •/ 

iterate  1.4  132,10# 

HIn8  (0,1800  rotate  3), 

/*  Insert  the  Decoder  output  signal  (Sync  Out)  pad  */ 

Iterate  1,1  145,100 

N0ut8  (0,1264  rotate  3): 

/*  Insert  the  two  non-inverting  two-phase  dock  pads  */ 

iterate  1,1  179,100 

a904  (0,2200  rotate  3); 

iterate  1.1  179.100 
NClk  (0,840  rotate  3  flip  ud); 

/*  Insert  the  Counter,  Multiplexers,  and  Decoder  PLAs  */ 

iterate  1 , 1 

counter  (164,2260); 

Iterate  1,1  248,213 
multiplexer  (170,1495  rotate  9); 

iterate  1,1  248,213 

multiplexer  (150,494  rotate  9  flip  ud); 

Iterate  1,1  184,133 

decoder  (256,1264  rotate  5); 

/*  Insert  the  four-bit  Counter  */ 

iterate  4,1  24,115 
Cnt  (260,810.5); 

/•  Insert  the  dummy  counter  cell  (Count  Restore)  */ 

Iterate  1,1  44,115 
CntRestore  (216,810.5); 

/*  Insert  the  Inverting  Super  Buffer  and  connect  to  the  Modclk 

Iterate  1,1  46,20 

RInvSBS  (26,2210  rotate  3); 


wire  diff  72,2229  «  2  r  $  v  4  d  t]  r  !; 

/*  Connect  ell  the  pede  to  vdd  */ 

wire  Betel  4,84*  w  8  u  1922  r  256; 

/•  Connect  ell  the  pede  to  ground  */ 

wire  eetel  248.2668  w  16  1  142  d  1928; 

/*  Connect  the  Counter  to  vdd  end  gnd  •/ 

wire  eetel  549,2652  w  4  u  118  w  8  1  9;  /*  Ydd  •/ 

wire  eetel  557,2657  w  4  u  25 
dlff  w  4  1  19 

eetel  w  4  1  2;  /*  Ond  */ 

/*  Connect  the  Multiplexer  to  vdd  end  gnd  */ 

wire  eetel  178,1712  w  4  1  59 
diff  w  4  1  26 

eetel  w  4  1  77;  /*  Ydd  */ 

wire  eetel  185,1728  w  4  1  79;  /*  Ond  */ 

/•  Connect  the  Decoder  to  vdd  end  gnd  */ 

wire  eetel  564,1272  w  4  d  19  1  255 
dlff  w  4  1  26 

metal  w  4  1  77;  /•  Ydd  */ 

wire  eetal  545,1265  w  4  d  5  1  259;  /*  Ond  */ 

/•  Connect  the  4-blt  Counter  to  vdd  and  gnd  */ 

wire  eetel  556.858.5  w  4  r  12  u  75  1  12  r  12  u  26.5  1  257 
dlff  w  4  1  26 

eetel  w  4  1  77;  /•  Ydd  */ 

wire  eetel  556,869.5  w  4  r  5  u  47 
diff  w  4  u  14 

eetel  w  4  u  12.5  1  255;  /•  Ond  •/ 

/*  Connect  4-blt  Counter  Cerry-ln  to  Ydd  end  NOT  Carry-in  to  Gnd 

wire  eetel  284,952  w  4  d  2 
dlff  w  4  d  14 

eetel  w  4  d  44  w  5  r  12;  /•  Carry-in  */ 
wire  eetel  211,941  w  4  d  54  w  5  r  5;  /*  NOT  Carry-in  */ 

/•  Connect  the  Multiplexer  2  to  vdd  and  gnd  */ 

wire  eetel  154,728  w  4  1  2 
dlff  w  4  1  67 

eetel  w  8  1  81  u  12;  /•  Ydd  •/ 

wire  dlff  157,789  w  4  1  19 

eetel  w  4  1  48  w  16  u  51;  /*  Ond  */ 


/•  Connect  the  Inverting  Super  Buffer  to  vdd  end  gnd  */ 


wire  »etal  69.225*  v  6  u  ;  v  4  1  27  d  5  u  5  1)4;  /*  Vdd  •/ 

wire  diff  58,225*  v  6  u  57  v  4  r  54 
Betel  v  4  r  2;  /*  Ond  */ 

/•  Connect  signal  input  pede  to  Counter  end  Decoder  input®  •/ 
wire  dlff  189,2285  v  2  d  2 

aetel  w  4  d  176  1  57;  /*  Sync  In  (8YI)  to  Counter  */ 

wire  diff  2*5,2285  v  2  d  2 

metal  w  4  d  276  1  75;  /*  Control  Select  2  (CS2)  to  Counter  • 

wire  diff  221 ,2285  v  2  d  2 

aetel  v  4  d  576  1  89;  /*  Control  Select  1  (CS1)  to  Counter  * 

wire  diff  257,2285  v  2  d  2 

metal  v  4  d  476  1  1*5;  /*  Control  Select  •  (CS*)  to  Counter 

wire  aetel  2*5,20*5  w  4  r  2 
diff  v  4  r  72 

aetel  v  4  d  255  1  15*  d  25 
diff  v  4  d  22 

aetel  v  4  d  276  r  45  d  74  r  68 

poly  v  2  r  4;  /•  Control  Select  2  (CS2)  to  Decoder  •/ 

wire  aetel  219.19*5  w  4  r  2 
diff  w  4  r  4* 

aetel  w  4  d  155  1  128  d  45 
diff  v  4  d  22 

aetel  v  4  d  286  r  47  d  8*  r  78 

poly  w  2  r  4;  /*  Control  Select  1  (C81 )  to  Decoder  •/ 

wire  aetel  257,18*5  w  4  r  8  d  15  1  126  d  65 
diff  w  4  d  22 

aetel  w  4  d  296  r  51  d  86  r  88 

poly  v  2  r  4;  /*  Control  Select  •  (CS*)  to  Decoder  •/ 

/*  Connect  the  Counter  outpute  to  Multiplexer  and  Decoder  inputs 

wire  aetel  255,226*  v  4  d  48*  1  127  d  55 
diff  w  4  d  22 
aetel  w  4  d  251 
diff  w  4  r  76  d  7 
aetel  v  4  d  76  r  56 

poly  w  2  r  4;  /•  Counter  Next  State  5  (NS5)  output  to  Decoder 

input  */ 

wire  aetel  269,2267  w  4  d  5*7  1  129  d  55 
diff  w  4  d  22 
aetel  w  4  d  241 
diff  w  4  r  72  d  17 
aetel  w  4  d  60  r  46 

poly  v  2  r  4;  /*  Counter  Next  State  2  (NS2)  output  to  Decoder 

input  */ 

wire  aetel  285,2274  w  4  d  554  1  151  d  15 
diff  w  4  d  22 
aetel  w  4  d  251 
diff  w  4  r  68  d  27 
aetel  w  4  d  44  r  56 


poly  v  2  r  4;  /•  Counter  Next  State  1  (N81 )  output  to  Decoder 

Input  */ 

wire  aetal  301.2281  w  4  d  331  1  140  d  3 
dlff  w  4  d  22 
Betel  v  4  d  221 
dlff  w  4  r  71  d  37 
aetel  w  4  d  28  r  26 

poly  w  2  r  4;  /•  Counter  Next  State  0  (N80)  output  to  Decoder 

input  •/ 

wire  dlff  230.1484  w  4  r  2 
aetel  w  4  r  123  u  36 

poly  w  2  1  3;  /*  Counter  Next  State  3  (NS3)  output  to  Multiplexer  */ 

wire  dlff  220.1474  w  4  r  2 
aetel  w  4  r  142  u  62  1  7 

poly  w  2  1  3s  /*  Counter  Next  State  2  (NS2 )  output  to  Multiplexer  */ 
wire  dlff  210,1464  w  4  r  2 
Betel  w4r  139  u  88  1  14 

poly  w  2  1  3;  /*  Counter  Next  State  1  (NS1 >  output  to  Multiplexer  */ 

wire  dlff  200.1434  w  4  r  2 
Betel  w4r  176  u  114  1  21 

poly  w  2  1  3;  /*  Counter  Next  State  0  (NS0)  output  to  Multiplexer  */ 

/•  Connect  the  4-hit  Counter  outputs  to  Multiplexer  2  Inputs  •/ 

wire  Betel  281,810.3  w  4  d  73.5  r  55  d  32 
poly  w  2  1  2; 

wire  aetel  305,810.5  w  4  d  66.5  r  58  d  55  1  7 
poly  w  2  1  2; 

wire  aetel  329.810.5  w  4  d  59.5  r  21  d  78  1  14 
poly  w  2  1  2; 

wire  aetel  353.810.5  w  4  d  52.5  r  4  d  101  1  21 
poly  w  2  1  2; 

/*  Connect  4-hit  Counter  MSB  to  Mode lk  input  */ 

wire  dlff  353,812.5  v  4  Ml 
Betel  w  4  u  634.5 
dlff  w  4  u  275  1  21 
aetel  w  4  u  15  1  48  u  462 
dlff  w  4  1  168 
poly  w  4  1  123  u  27; 

/*  Connect  the  Multiplexer  outputs  to  the  brain  chip  rows  */ 

wire  poly  366,1710  w  2  r  4 
aetel  w  4  u  828  r  72 

dlff  w  4  r  5;  /*  Select  Out  0  (800)  to  row  0  */ 

wire  poly  366,1702  w  2  r  4 
aetel  w  4  r  7  u  711  r  65 

dlff  w  4  r  5}  /*  Select  Out  1  (SOI)  to  row  1  */ 

wire  poly  366,1694  w  2  r  4 
aetel  w  4  r  14  u  594  r  58 

dlff  w  4  r  5;  /*  Select  Out  2  (802)  to  row  2  */ 


wire  poly  566,1686  v  2  r  4 
metal  w  4  r  21  u  477  r  51 

dlff  w  4  r  5;  /*  Select  Out  5  (S03)  to  row  3  */ 

wire  poly  366,1678  v  2  r  4 
aetal  v  4  r  28  u  366  r  44 

dlff  w  4  r  5;  /*  Select  Out  4  (S04)  to  row  4  •/ 

wire  poly  366,1670  w  2  r  4 
metal  w  4  r  35  u  243  r  37 

dlff  w  4  r  5;  /*  Select  Out  5  (SQ5)  to  row  5  */ 

wire  poly  366,1662  w  2  r  4 
metal  w  4  r  42  u  126  r  30 

dlff  w  4  r  5;  /*  Select  Out  6  (806)  to  row  6  */ 

wire  poly  366,1654  w  2  r  4 
metal  w  4  r  49  u  9  r  23 

dlff  w  4  r  5;  /*  Select  Out  7  (S07)  to  row  7  •/ 

wire  poly  366,1646  w  2  r  4 
metal  w  4  r  70  d  108  r  2 

dlff  w  4  r  5;  /*  Select  Out  8  (SOS)  to  row  8  */ 

wire  poly  366,1638  w  2  r  4 
metal  «  4  r  63  d  225  r  9 

dlff  w  4  r  5}  /*  Select  Out  9  (S09)  to  row  9  */ 

wire  poly  366,1630  w  2  r  4 
metal  w  4  r  56  d  342  r  16 

dlff  w  4  r  5;  /*  Select  Out  10  (SO10)  to  row  10  */ 

wire  poly  366,1622  w  2  r  4 
metal  w  4  r  49  d  459  r  23 

dlff  w  4  r  5;  /*  Select  Out  11  (S011)  to  row  11  */ 

wire  poly  366,1614  w  2  r  4 
metal  w  4  r  42  d  576  r  50 

dlff  w  4  r  5;  /*  Select  Out  12  (S012)  to  row  12  «/ 

wire  poly  566,1606  w  2  r  4 
metal  w  4  r  35  d  693  r  37 

dlff  w  4  r  5;  /*  Select  Out  13  (SOI 3)  to  row  13  */ 

wire  poly  566,1598  w  2  r  4 
metal  w  4  r  28  d  810  r  44 

dlff  w  4  r  5s  /*  Select  Out  14  (SOI 4)  to  row  14  */ 

wire  poly  566,1590  w  2  r  4 
aetal  w  4  r  21  d  927  r  51 

dlff  w  4  r  5;  /*  Select  Out  15  (S015)  to  row  15  */ 

/*  Connect  the  Multiplexer  2  outputs  to  the  brain  chip  columns 

wire  poly  346,515  w  2  r  4 
metal  v  4  r  92 

poly  w  4  r  15;  /*  Selected  Out  0  (2SO0)  to  column  0  •/ 

wire  poly  346,525  w  2  r  4 
metal  w  4  r  217 

poly  w  4  r  15;  /*  Selected  Out  1  (2S01 )  to  column  1  */ 

wire  poly  546,551  w  2  r  4 
metal  w  4  r  542 

poly  w  4  r  15;  /*  Selected  Out  2  (2802)  to  column  2  */ 

wire  poly  346,539  w  2  r  4 
aetal  w  4  r  467 

poly  w  4  r  15;  /*  Selected  Out  3  (2S05)  to  column  3  •/ 


wire  poly  346,547  w  2  r  4 
Betel  w  4  r  592 

poly  w  4  r  15;  /•  Selected  Out  4  (2804)  to  column  4  •/ 

wire  poly  346,555  w  2  r  4 
metel  w  4  r  717 

poly  w  4  r  15;  /*  Selected  Out  5  (2805)  to  column  5  */ 

wire  poly  346,563  w  2  r  4 
netel  w  4  r  842 

poly  w  4  r  15;  /*  Selected  Out  6  (2806)  to  column  6  */ 

wire  poly  546,571  w  2  r  4 
Betel  w  4  r  967 

poly  w  4  r  15;  /*  Selected  Out  7  (2807)  to  column  7  */ 

wire  poly  346,579  w  2  r  4 
metel  w  4  r  1092 

poly  w  4  r  15;  /*  Selected  Out  8  C2808)  to  column  8  */ 

wire  poly  346,587  w  2  r  4 
Betel  w  4  r  1217 

poly  w  4  r  15;  /*  Selected  Out  9  (2809)  to  column  9  */ 

wire  poly  346,595  w  2  r  4 
metel  w  4  r  1342 

poly  w  4  r  15;  /*  Selected  Out  10  (28010)  to  column  10  */ 

wire  poly  346,603  w  2  r  4 
metel  w  4  r  1467 

poly  w  4  r  15;  /*  Selected  Out  11  (28011)  to  column  11  */ 

wire  poly  346,611  w  2  r  4 
Betel  w  4  r  1592 

poly  w  4  r  15:  /*  Selected  Out  12  (28012)  to  column  12  */ 

wire  poly  346,619  w  2  r  4 
Betel  w  4  r  1717 

poly  w  4  r  15;  /*  Selected  Out  13  (28013)  to  column  13  */ 

wire  poly  346,627  w  2  r  4 
metel  w  4  r  1842 

poly  w  4  r  15;  /*  Selected  Out  14  (28014)  to  column  14  •/ 

wire  poly  346,635  w  2  r  4 
Betel  w  4  r  1967 

poly  w  4  r  15;  /*  Selected  Out  15  (28015)  to  coluan  15  •/ 

/•  Connect  the  Multiplexer  2  Select  Out  15  (2S015)  to  the  Decoder  •/ 

wire  Betel  377,637  w  4  u  608  1  136 
dlff  w  4  u  62  r  17 
poly  w  2  r  4; 

/*  Connect  the  Decoder  8ync  Out  (SYO)  to  the  output  ped  */ 


wire  poly  252,1285  w  2  1  2 
Betel  w  4  1  90  u  29  1  12 
poly  w  2  1  3; 

/*  Connect  phese  one  of  the  MClk  to  pheee  one  of  the  4-hit  Counter  •/ 

wire  metel  177,852  w  4  d  35.5  r  37 
poly  w  2  r  2; 


/•  Connect  phase  two  of  the  MClk  to  phase  2  of  the  4-bit  Counter  */ 


wire  metal  179,912  «  4  r  8  d  J6  w  3  r  29; 

/*  Connect  phase  two  of  the  MClk  to  the  Multiplexer  2  clocked  outputs*/ 

wire  metal  187,894  w  4  d  69.5 
dlff  w  4  d  16 

metal  w  4  d  78.5  1  42  d  241  r  15* 
poly  w  2  u  5; 

/•  Connect  phase  one  of  the  Modclk  to  the  Decoder  clocked  output  */ 

wire  diff  179,2239  w  4  r  143  d  18 
metal  w  4  d  477  r  41 
dlff  w  4  r  28  d  5«6  1  9* 
poly  w  4  u  26; 

/*  Connect  phase  two  of  the  Modclk  to  the  Counter  and  Multiplexer 

clocked  outputs  */ 

wire  metal  177,2228  w  4  r  2 
diff  179.2228  w  4  r  129 
metal  w  4  d  500  r  7 

poly  w  2  d  5;  /*  Phase  2  (PH2)  to  Multiplexer  •/ 

wire  metal  308.2228  w  4  r  52  u  89 

poly  w  4  u  22  w  2  1  8;  /*  Phase  2  (PH 2)  to  Counter  */ 

> 

/ . * . 

This  is  the  section  that  generates  the  brain  chip  array 
(16  X  16)  as  it  interfaces  with  the  multiplexer,  and  the 
outside  world. 

. ***•******************«**«*****/ 

electrode 

( 

/•  Build  the  brain  chip  electrode  */ 

wire  metal  21.5,80  w  90  r  90; 
rect  22.5,36  88,88  glass; 
wire  metal  66.5,35  w  10  d  6; 
wire  diff  66.5,55  w  10  d  19  w  8  1  9; 
wire  metal  61.5,14  w  8  1  57.5  d  14  u  125; 
reot  58.5,11  2,6  contact; 
rect  62.5,30  8,2  oontact; 
wire  dlff  0,25  w  4  r  13 
metal  w  4  r  43.5 
poly  w  4  r  20 


metal  w  4  r  43.5 
dlff  w  4  r  5; 


) 

c  bonding  pads 

{ 

/*  Build  the  brain  chip  column  output  bonding  pads  */ 

rect  0,0  115.115  metal; 
rect  1,1  115,115  glass; 

) 

lines 

{ 

wire  diff  4,0  v  8  u  156; 
rect  1,1  6,2  contact; 
rect  1,155  6,2  contact; 

) 

. . 


This  is  the  section  that  generates  the  Counter  PLA, 
with  its  clocked  input  and  output  "registers".  This  PLA  has 
eight  inputs  and  four  outputs. 

. . 


counter 

( 

/•  Make  the  Counter  Pla  with  input  and  output  buffers  •/ 
a903  (20,20); 

/*  Insert  the  PlaClockln  modules,  which  make  clocked  input  register  */ 

iterate  8,1  16,58 

PlaClockln  (35,-38); 

/•  Insert  the  PlaClockOut  modules,  which  make  the  clocked  output 
register  •/ 

Iterate  2,1  16,57 

PlaClockOut  (176,-33); 

/•  Connect  PLA  Ydd  and  drivers  Vdd,  and  PLA  Ond  and  drivers  Ond  */ 
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wire  metal  22,2*  w  4  d  22  r  15; 
wire  metal  165. — 2  w  4  r  5  d  21  r  8; 
wire  metal  165.17  w  4  r  If  u  5  d  15  r  8; 
wire  metal  2#8,5  w  4  r  5  u  15; 

/*  Connect  feed  back  lines  */ 

wire  dlff  1*9.— 58  w  2  d  20  r  94  u  21 

poly  w  2  u  4;  /*  Present  State  5  (PS5)  to  Hext  State  5  (NS5 )  •/ 

wire  dlff  109. — 56  w  2  d  2 

metal  w  4  d  5;  /*  Extend  PS5  */ 

wire  dlff  125,— 58  w  2  d  14  r  70  u  15 

poly  w  2  u  4;  /*  Present  State  2  (PS2)  to  Hex t  State  2  (HS2)  */ 

wire  dlff  125,— 50  w  2  d  2 

metal  w  4  d  5;  /*  Extend  PS2  */ 

wire  dlff  141  .—58  w  2  d  8  r  46  u  9 

poly  w  2  u  4;  /*  Present  State  1  (PS1 )  to  Hext  State  1  (MSI)  */ 

wire  dlff  141.-44  w  2  d  2 

metal  w  4  d  5;  /*  Extend  P81  */ 

wire  dlff  157,— 58  w  2  d  2  r  22  u  7 

poly  w  2  u  2;  /•  Present  State  0  (PS0)  to  Hext  8tate  0  (HS0)  •/ 

wire  dlff  157.— 58  w  2  d  2 

metal  w  4  d  5;  /*  Extend  P80  •/ 


) 

/ 


This  Is  the  section  that  makes  the  Decoder  PLA, 
with  Its  unclocked  Input  "register”  and  clocked  output 
"register".  This  PLA  has  eight  inputs  and  one  output. 


/ 


decoder 

{ 

/*  Make  Decoder  Pla  with  input  and  output  buffers  */ 
a901  (20,20); 

/•  Insert  the  Plain  modules,  which  make  unclocked  input  register  */ 

Iterate  8,1  16,41 
Plain  (55.— 21); 

/•  Insert  the  PlaClockOut  module,  which  makes  clocked  output  register"/ 

Iterate  1,1  16,57 
PlaClockOut  (176,-55); 


/•  Connect  PLA  7dd  and  drivers  Vdd,  and  PLA  Qnd  and  drivers  Ond  */ 


wire  aetal  22,29  w  4  d  22  r  19; 
wire  aetel  169, — 2  w  4  r  5  d  21  r  8; 
wire  aetel  165,17  w  4  r  II  u  3  d  15  r  8; 
wire  aetel  192,5  w  4  r  5  u  15; 
wire  poly  192,18  w  2  r  8; 

> 

. . * . 

Thle  la  the  eectlon  that  generates  the  Multiplexer  PLA, 
with  Its  unclocked  Input  "register”  end  clocked  output 
"register".  This  PLA  has  four  inputs  end  sixteen  outputs. 

. ****** . * . * . . 

Bultlplexer 

{ 

/*  Make  Multiplexer  Pie  with  input  end  output  buffers  */ 
a902  (20,28); 

/*  Insert  the  Plain  nodules,  which  Bake  unclocked  input  register  */ 

iterate  4,1  16,41 
Plain  (35.— 21); 

/*  Insert  the  PlaClockOut  modules,  which  make  clocked  output  register*/ 

iterate  8,1  16.57 

PlaClockOut  (112,— 33); 

/*  Connect  PLA  Vdd  end  drivers  Vdd,  and  PLA  Qnd  and  drivers  Gnd  •/ 

wire  Betel  22,20  w  4  d  22  r  13; 
wire  netel  99, — 2  w  4  r  5  d  21  r  6; 
wire  metal  99,17  w  4  r  10  u  3  d  15  r  8; 
wire  metal  240,5  w  4  r  5  u  15; 
wire  poly  240,18  w  2  r  8; 


Appendix  F 


Test  and  Evaluation  of  the  AFIT  Multlelectrode  Brain  Chip  Arri 


This  appendix  contains  a  report  written  by  Michael  L.  McConkey  for 
Dr.  Roger  Colvin,  as  a  Special  Study  course  at  the  Air  Force  Institute 
of  Technology.  The  figures  In  the  report  have  been  renumbered  to  match 
the  figure  numbering  In  this  thesis.  The  clfplots  of  the  chip,  men¬ 
tioned  In  the  Introduction,  are  not  included,  since  the  same  Informa¬ 


tion  can  be  obtained  from  Figures  1  and  2,  in  Chapter  I. 


Introduction 


This  report  Includes  the  testing  of  the  AFIT  multielectrode  brain 
chip  array  designed  by  Robert  Ballantlne,  0E-83D.  Two  generation  ver¬ 
sions  of  this  chip  were  designed.  Both  Include  the  necessary  control 
functions  to  provide  intern  al  clocking  and  multiplexing  of  the  elec¬ 
trodes.  Both  contain  a  16x16  array  of  electrodes.  The  only  difference 
between  the  two  versions  is  that  one  design  multiplexes  the  output  so 
only  one  electrode  is  selected  at  any  time,  while  the  other  design  pro¬ 
vides  an  output  of  16  parallel  electrodes,  plus  it  contains  more  output 
pads  that  Increases  the  testability  of  the  chip. 

Because  of  this  enhanced  testability,  most  r>t  the  tests  in  this 
report  were  conducted  on  this  non-mult ip lexed  version.  These  tests  were 
conducted  on  subsystems  of  the  design  that  are  common  to  both  versions 
such  as  the  counter,  decoder,  and  system  clock.  However,  at  the  end  of 
this  report  there  is  a  section  that  covers  the  functional  characteris¬ 
tics  of  the  multiplexed  version.  Also  Included  at  the  end  of  this 
report  are  clfplots  of  each  version  showing  pad  identification,  sketch¬ 
es  of  the  test  equipment  layout,  and  an  equipment  list. 

In  order  to  better  understand  the  explanations  for  each  test,  the 
different  pad  names  are  shown  in  Table  IX.  These  names  are  used 
throughout  this  report. 

The  tri-state  pads,  the  two  phase  signals,  and  the  CON  signal  are 
not  available  on  the  multiplexed  version. 

Throughout  this  report,  enabling  a  row  will  mean  supplying  a  logic 
1  signal  to  the  transistor  gates  on  a  particular  row,  and  a  column 
output  will  mean  the  output  from  the  drain  of  a  particular  transistor. 
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Table  IX.  Non-mult lplexed  Chip  Pad  Names 


#2 

NCLK 

SYI 

CS0-CS2 


provides  monitoring  of  01 
clock  signal 

provides  monitoring  of  02 
clock  signal 

clock  input 

sync  in  (active  low) 

count  select 


TS0-TS5 


tri-state  input/output  pads 


CON 


SYO 


tri-state  control  signal 
hi  (+5Y)  -  output,  count  monitor 
low  (gnd)  -  input,  row  enable 

sync  out  (active  high) 


Procedure 

There  vas  no  specific  procedure  that  was  used  for  every  test.  The 
specific  test  to  be  performed  dictated  the  necessary  procedure  to  be 
used.  A  general  procedure  was  used  throughout,  and  it  simply  follows 
from  good  engineering  practice: 

1 .  All  power  to  the  chips  should  be  off  while  making  changes  in 
wire  connections. 

2.  Double  check  all  interconnections  to  avoid  burning  out  a  chip. 

3.  Calibrate  all  test  equipment  before  its  use. 

4.  Avoid  ground  loops  in  the  test  structure. 

All  tests  that  required  a  signal  injected  into  the  array  transis¬ 
tor  were  done  using  1  KHz  or  10  KHz  sine  waves  with  a  chip  clock  fre¬ 
quency  of  1  KHz.  This  was  done  to  simplify  observation  of  the  signals 
on  the  oscilloscope  because  a  signal  was  applied  to  only  4  out  of  64 
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Figure  24.  Typical  Array  Transistor  with  Electrode 

array  transistors.  Under  actual  operating  conditions,  the  clock  fre¬ 
quency  should  be  at  least  800  Hz  (16  outputs  tines  50  Hz  sampling  of 
each  output).  This  permits  each  row  to  be  sampled  at  least  50  times 
per  second  and  will  prevent  any  aliasing.  For  more  Information  on 
this,  see  page  55  of  Russell  V.  Hensley's  and  David  C.  Denton's  thesis, 
AFIT/0E/EE/82D-29 ,  entitled  "The  First  Cortical  Implant  of  a  Semicon¬ 
ductor  Multielectrode  Array:  Electrode  Development  and  Data  Collec 
tion". 

Counter  Operation 

The  output  of  the  counter  is  decoded  to  provide  enabling  of  a  par¬ 
ticular  row  of  transistor  gates.  Figure  24  shows  a  typical  transis¬ 
tor/electrode.  All  transistors  in  the  array  are  NMOS  enhancement  mode 
devices . 

The  counter  is  capable  of  eight  different  modes  of  operation  depend¬ 
ing  upon  the  status  of  the  count  select  lines,  CS0-CS1 ,  where  CS0  is 
the  MSB.  Figure  25  shows  the  different  modes  of  operation  and  the  tim¬ 
ing  that  was  observed  at  the  TS0-TS5  outputs  with  CON  at  a  logic  1 . 
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Figure  25.  Counter  Operation 


All  eight  nodes  of  operation  were  observed,  and  all  eight  modes  func 
tloned  properly. 

The  timing  diagram  shown  in  Figure  29  is  for  mode  ■. 

Multiplexer/Decoder  Operation 


The  multiplexer  decodes  the  count  given  to  it  by  the  counter  which 
selects  the  proper  row  to  be  enabled.  The  non-multlplexed  version 
provides  test  points  to  monitor  the  signal  on  each  row.  Table  X  shows 
the  observed  voltages  on  each  row  with  the  counter  set  to  mode  7,  no 
count.  Notice  the  unusal  high  voltage  on  row  1.  It  is  not  possible  to 
tell  whether  this  is  caused  by  the  counter,  decoder,  or  multiplexer 
PLAs  when  the  counter  is  in  this  mode. 

The  voltage  observed  is  below  the  turn-on  threshold  voltage  of  the 
array  transistors  (except  for  row  1).  This  was  a  problem  in  the 
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Table  I.  Row  (Gate)  Voltages  for  Deselected  Row 


Figure  26  shows  the  observed  row  pulses  with  the  counter  set  to 


node  9 .  Notice  that  row  1  operates  correctly.  Apparently,  the  voltage 


observed  for  row  1  in  Table  X  occurs  only  when  the  counter  is  in  node 
7.  This  Irregularity  in  the  row  1  enabling  should  be  no  problem  since 
node  7  of  the  counter  will  probably  not  be  used.  Each  count  node  was 
observed  and  each  row  was  enabled  correctly  for  all  modes. 


Table  XI.  On  and  Off  Resistances  for  a  Typical  Transistor 


R 

10  Kohms 

100  Kohms 

1  Mohms 


Channel  Resistance 

on  -  4.7  Kohms 
off  -  360  Kohms 

on  -  3.71  Kohms- 
off  -  10.9  Mohms 

on  -  3.37  Kohms 
off  -  9.8  Mohms 


Array  Transistor  Characteristics 

The  DC  resistance  for  a  typical  transistor  in  the  array  was  calcu¬ 
lated  for  three  different  values  of  load  resistance.  The  "on"  resist¬ 
ance  and  the  "off"  resistance  of  the  channel  was  found,  and  the  results 
are  shown  in  Table  XI.  The  voltage  transfer  characteristic  for  a 
typical  transistor  is  shorn  in  Figure  27.  Shown  is  a  curve  for  each 
load  resistance,  R,  and  the  schematic  that  was  used  to  determine  the 
transfer  curves  and  the  "on”  and  "off"  channel  resistances.  Note: 
these  curves  are  an  average  from  data  collected  from  ten  such 
transistors.  Because  the  output  from  each  transistor  (the  drain)  is 
going  to  drive  an  operational  amplifier,  the  data  collected  for  the  100 


Figure  27.  Voltage  Transfer  Curves 


Kohms  and  the  1  Nofaras  values  of  R  represent  the  best  approximation  for 
actual  transistor  operation  under  normal  operating  conditions. 

Array  Transistor  Switch  Operation 

The  switch  action  of  a  particular  array  transistor  is  shown  in 
Figure  28.  The  counter  was  set  to  mode  4  (0  -  5).  A  1  KHz  sine  wave 
was  applied  to  the  source  of  one  transistor  and  a  10  KHz  sine  wave  was 
applied  to  the  source  of  a  second  transistor  in  the  same  column.  The 
figure  shows  the  observed  output. 

As  can  be  seen  from  the  figure,  the  transistor  switches  properly 


allowing  the  signal  that  Is  preseat  at  its  source  to  be  seat  to  the 
output . 

Sync  In  /  Sync  Out  Operation 

Each  version  of  the  chip  Includes  a  "Sync  In”  and  a  "Sync  Out"  sig¬ 
nal  connection.  When  Sync  In  is  lov,  the  chip  counter  Is  enabled  and 
the  row  selection  pulse  is  multiplexed  down  the  array.  When  Sync  In  is 
high,  the  counter  is  disabled.  Sync  Out  is  pulsed  from  lov  to  high  to 
lov  vhen  the  counter  has  reached  the  end  of  its  count  sequence.  The 
top  tvo  traces  of  Figure  29  shovs  the  timing  relationship  of  these  tvo 
signals.  These  tvo  signals  are  used  to  synchronise  the  timing  of  the 
entire  system.  They  can  be  used  to  start  and  reset  measurement  devices. 

To  provide  more  data  collection  capability,  tvo  or  more  chips  may 


be  cascaded  together.  Figure  90  shove  the  interconnection  for  tvo 


fit tar 

*yo, 

6yot 

Figure  It.  Circuit  Required  to  Cascade  Two  Chips 

chips.  Upon  power-up  of  the  systen,  the  "clear"  line  should  he  pulsed 
from  high  to  low  to  high  to  ensure  that  counting  starts  with  chip  num¬ 
ber  1.  At  any  time  during  operation,  the  "clear"  line  can  be  pulsed  to 
reset  the  system.  The  capacitors  on  the  inputs  are  neccessary  to  pre¬ 
vent  erroneous  switching.  Correct  synchronisation  operation  using  the 
circuit  of  Figure  29  was  verified  for  all  modes  of  the  counter. 


Figure  71 .  Observed  Noise  on  Output 

Noise  Measurements 

For  this  section,  a  uA741  operational  amplifier  configured  as  a 
single-ended,  noninverting  amplifier  with  gain  of  100  was  used  to  make 
the  measurements.  Figure  71  shows  the  observed  output  at  a  drain  of 
the  test  transistor  with  no  sine  wave  applied  to  the  source.  This 
noise  is  caused  by  the  switching  of  the  clock  pulse,  not  the  gate 
pulse.  This  can  be  deduced  because  the  observed  noise  is  at  the  clock 
rate  rather  than  the  gate  pulse  rate  which  is  a  factor  of  two  slower. 
Because  the  clock  switches  at  a  relatively  high  frequency  as  compared 
to  the  expected  frequency  of  brain  wave  activity,  a  small  bypass  capaci¬ 
tor  applied  across  the  output  to  ground  can  be  used  to  eliminate  this 
noise.  The  capacitor  used  in  this  experiment  was  0.1  uF  which  sharply 
attenuated  the  noise  to  an  immeasurable  value  for  this  test  set-up. 

By  adding  1  KHs  and  10  KHs  signals  to  the  source  of  two  transistors 
in  the  same  column,  Figure  72,  the  following  was  observed.  The  bypass 
capacitor  permitted  the  1  KHs  sine  wave  signal  to  pass  through,  but  it 
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Flgu re  32.  Observed  Output  with  Bypass  Capacitor 
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sharply  attenuated  the  10  KHz  sine  wave.  This  should  pose  no  problem 
as  the  maximum  brain  vave  frequency  is  25  Hz. 

Frequency  crossover  was  also  measured  for  both  the  1  KHz  signal  and 
the  10  KHz  signal.  One  signal  was  applied  to  the  source  of  a  transis¬ 
tor  that  was  always  on,  and  the  other  signal  was  applied  to  the  source 
of  a  transistor  in  the  same  column  that  was  always  off.  Both  transis¬ 
tors  resided  in  the  same  column  and  the  bypass  capacitor  was  not  used. 
Both  signals  showed  a  crossover  ratio  of  approximately  30:1  (signal  in 
to  signal  out)  which  is  about  29.5  dB  crossover  rejection. 

Also  measured  was  the  ratio  of  the  magnitude  of  the  signal  in  to 
the  magnitude  of  the  same  signal  out  without  the  bypass  capacitor.  For 
a  1  KHz  sine  wave  input,  the  output  was  attenuated  1.15  dB.  For  a  25 
Hz  signal  input,  no  noticeable  attenuation  was  observed.  All  measure¬ 
ments  so  far  were  taken  at  the  drain  of  the  test  transistors.  Measure¬ 
ments  at  the  source  of  the  test  transistors  showed  no  noticeable 
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a)  Schematic 


b )  Observed  Output 
Figure  35.  Brain  Simulation  Model 

feedthrough  or  switching  transients. 

Brain  Simulation 

Because  this  multielectrode  array  has  to  measure  signals  on  the 
order  of  a  few  tens  of  microvolts,  a  simulation  of  the  brain  was  neces¬ 
sary  to  determine  the  array's  effectiveness  at  measuring  such  low  sig¬ 
nals  while  at  the  same  time  rejecting  noise.  Figure  75  shows  the  model 


and  schematic  used.  Also  shown  is  the  observed  signal  in  and  signal 


out.  These  measurements  were  made  with  the  counter  in  mode  4,  counting 


0-5,  and  a  200  +Vpp  1  KHs  sine  wave  applied  to  four  transistors  In  the 
same  column  within  the  array.  The  same  test  was  performed  with  the  sine 
wave  applied  to  only  one  transistor,  and  the  appropriate  segment  of  the 
same  output  was  observed  when  the  transistor  gate  was  pulsed. 

All  switching  transients  were  negligible.  The  60  Hz  noise  observed 
at  the  output  will  not  be  present  under  actual  operating  conditions 
because  shielded  cable  and  batteries  will  be  used. 

Interface  Circuitry 

Denton  and  Hensley  designed  an  external  drive  circuit  for  the  first 
generation  brain  chip.  This  circuitry  was  designed  to  provide  clock¬ 
ing,  multiplexing,  and  syncronization  for  a  4x4  array.  This  circuitry 
can  still  be  used  for  connecting  the  new  array  to  data  recording  devic¬ 
es  as  shown  in  Figure  54.  For  more  detail  concerning  this  external 
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drive  circuit,  see  Denton  and  Hensley's  thesis,  AFII/QE/KK/82D-29 • 

Depending  on  which  2nd  generation  chip  is  used  for  the  data 
collection  will  dictate  how  the  connection  between  the  circuitry  and 
the  array  should  be  made.  If  the  multiplexed  version  is  used,  then  the 
output  from  the  array  can  be  connected  to  any  one  of  the  four  Inputs  in 
the  back  of  the  chassis  and  the  corresponding  output  from  the  chassis 
can  be  connected  to  the  data  recording  devices.  If  the  non- 

multiplexed  version  is  used,  then  there  exists  only  the  capability  to 
measure  four  out  of  sixteen  outputs,  these  four  outputs  will  connect 
directly  to  the  four  inputs  in  the  back  of  the  circuit  chassis. 

the  clocking  provided  by  this  circuitry  cannot  be  used  because  the 
2nd  generation  chips  provide  clocking  and  multiplexing  of  their  own  on 
the  chip.  the  strobe  out  and  external  sync  provided  by  the  circuitry 
must  also  be  ignored  because  the  array  has  Its  own  clock  and  generates 
its  own  sync  out. 

the  external  drive  circuitry  contains  an  internal  switch  that 
allows  single-ended  or  differential  amplification.  Figure  35  shows  the 
switching  arrangement. 

Data  Amplification 

to  record  the  data  it  must  be  amplified,  there  are  two  possible 
methods  of  amplifying  this  analog  data;  either  single-ended  or  differen¬ 
tial  mode.  the  amplification  used  for  the  brain  simulation  section  of 
this  report  was  a  single-ended  amplifier.  Figure  36a.  tests  were  also 
performed  using  a  differential  mode  amplifier.  Figure  36b.  these  tests 
simply  include  the  same  ones  used  in  testing  the  transistor  switch  ac¬ 
tion  of  Figure  28.  Figure  37  shows  the  observed  output  from  this  test. 
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Figure  35.  Single-ended  and  Differential  Mode  Amplification 
Connections 
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a)  Single-ended 
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b)  Differential 


Figure  36.  Amplifiers  Used  in  Tests 


Figure  37.  Observed  Output  Using  Differential  Amplifier 


The  actual  amplifiers  that  will  be  used  for  data  collection  are 
high  gain,  high  noise  rejection  amplifiers:  Princeton  Applied  Research 
113  differential  amplifiers. 

Multiplexed  Version 

This  version  of  the  chip  was  tested  using  the  circuit  of  Figure 
32.  Testing  shoved  that  Sync  Out  stayed  constant  at  0V  and  therefore 
did  not  work  at  all.  Also,  the  output  was  not  timed  properly.  For  all 
modes  of  the  count  select,  the  output  did  not  change.  Instead  of 
reflecting  the  proper  counting  sequence,  the  output  shoved  no  signal 
for  16  clock  cycles,  then  the  10  KHz  signal  output  for  1  clock  cycle, 
no  signal  for  1  clock  cycle,  then  the  1  KHz  signal  output  for  1  clock 
cycle,  regardless  of  the  count  sequence  chosen  (see  Figure  38).  These 
results  indicate  that  the  rov  multiplexor  runs  tvice  as  fast  as  it 
actually  should.  Improper  pad  assignment  vas  suspected,  but  subsequent 
analysis  shoved  this  vas  not  the  case.  Analysis  of  the  chip  itself 
using  a  microscope  vas  performed  by  Dr.  Roger  Colvin.  He  concluded 
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Figure  38.  Observed  Output,  Multiplexed  Version  from  Old  Batch 


that  there  was  a  missing  Vdd  line  for  the  secondary  clocking  for  the 
row  multiplexor,  and  that  this  clocking  was  not  being  Incremented  by 
the  column  multiplexor  (see  the  plot  in  the  Appendix). 

The  same  type  of  chip  but  from  a  different  batch  that  had  the  mis¬ 
sing  Vdd  line  was  bonded  and  the  same  tests  performed  on  it.  This  new 
chip  behaved  entirely  different  from  the  old  chip.  Figure  39  shows  the 
observed  output  and  Sync  Out.  There  were  two  types  of  Sync  Out 
observed  and  both  are  shown  in  Figure  39b  and  39c.  Figure  39b  was 
observed  for  all  count  sequences  that  did  not  Include  counting  to  13, 
while  Figure  39c  was  observed  for  only  4  the  count  sequences  that  did 
include  counting  to  13. 

Two  specific  problems  can  be  found  with  this  new  version:  first, 
there  is  extra  noise  on  the  output  due  to  capacitive  pickup;  second. 
Sync  Out  does  toggle  when  the  count  sequence  Includes  13,  but  it  should 
toggle  on  the  row  counter  cycles  and  not  on  the  column  counter  cycles. 
Also,  8ync  Out  should  remain  low  and  pulse  to  high  at  the  end  of  the 
count  sequence  instead  of  toggling  half  high  -  half  low. 


F-18 


a)Observed  Output 
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b)  Sync  Out  not  Including  count  15 


c)  Sync  Out  Including  count  15 

Figure  39 .  Observed  Output,  Multiplexed  Version  from  New  Batch 


Conclusions  and  Recommendations 

The  nonmultlplexed  version  of  the  chip  works  very  well.  The  "off 
voltage  of  the  rows  is  sufficiently  less  than  the  threshold  voltage  of 
the  array  transistors  to  prevent  unwanted  turn-on.  This  was  a  problem 
in  an  earlier  version  of  this  chip.  Under  actual  operating  conditions, 
this  chip  should  work  very  well  as  shorn  in  the  Brain  Simulation  sec¬ 
tion  of  this  report. 

The  multiplexed  version  of  the  chip  has  problems.  The  results 
obtained  from  testing  are  not  conducive,  but  if  the  problem  with  Sync 
Out  can  be  found  and  corrected,  then  the  total  operation  of  this  chip 
version  would  probably  be  oorreot. 


Therefore,'  the  non-multiplexed  version  should  be  used  for  a ny  data 
collection  until  the  problems  with  the  multiplexed  version  can  be 


analyzed  and  corrected. 
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